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ABSTRACT
SIMILITUDE OF MASS TRANSFER PROCESSES 
IN DISTORTED FROUDE MODEL OF AN ESTUARY 
by Carvel Hall Blair
ADVISOR: DR. CHIN Y. KUO
March, 1976 
Norfolk, Virginia 23508
The project began with the design and construction of a 
hydraulic Froude model of the Lafayette River, a small well 
mixed estuary in Norfolk, Virginia. Horizontal scale is 
1/540, vertical scale 1/12 yielding a vertical distortion of 
45. Adjustment by roughness strips and screens produced 
close agreement of model-prototype tide heights, currents, 
and salinities in the deep reaches comprising 80% of the 
estuary volume. Some scale effect in velocity and tide 
height could not be eliminated in the shallow upper branches 
of the estuary, probably because of the high geometric dis­
tortion and the narrowness of the channel at kilometer 6.7. 
Similar slug releases of Rhodamine WT dye tracer in model and 
prototype produced concentration fields which were monitored 
over eight tidal cycles. The normalized concentration fields
ii
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were in close agreement in the lower reaches. In the shallow 
upper branches, model concentrations increased to about dou­
ble those in the prototype as depth decreased. Using an 
analytic solution to the one-dimensional advection-diffusion 
equation, values of low-and high-water slack dispersion co­
efficients were computed for model and prototype. Their mean 
was taken as an approximation of the real-time coefficient.
By running the model with fresh water as well as with fresh/ 
salt mixed, it was possible to separate the dispersion co­
efficients into components dependent upon oscillatory tur­
bulent velocity shear and upon density gradients.
The model-to-prototype ratio of turbulent velocity shear 
components must be of order 10”^ for similitude of dispersion. 
If the Taylor-Elder equations for dispersion coefficient 
apply, the actual ratio will be of order 10”1; if on the other 
hand the "four-thirds law" applies, the actual ratio will be 
of order 10“  ̂as required for similitude. Data from the 
Lafayette River model agreed closely with the latter. Model- 
prototype comparisons of dispersion in several other models 
at varying scales and distortions have also been reported to 
demonstrate similitude, as would be predicted by the four- 
thirds law. It appears that this is the governing relation­
ship for dispersion coefficients in at least nine models; 
consequently, similitude of mixing is attainable in at least 
these and possibly other estuaries. No particular restric­
tion on the relationship between horizontal and vertical 
scales is necessary. An analysis of the derivation of the 
one-dimensional longitudinal dispersion equation shows that
iii
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the coefficient is in fact the sum of two terms, one related 
to the Taylor-Elder concept (mixing due to velocity shear and 
small-scale eddies) and the other to the four-thirds law 
(mixing due to large-scale eddies). More research is needed 
to determine, for any given estuary, the relative magnitude 
of the two components.
iv
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CHAPTER I 
INTRODUCTION
Physical modeling of estuaries is entering its second
century since the pioneering work of Fargue on the Garonne
estuary and Reynolds on the Mersey. Until the last decade
the motivation for these models has been chiefly problems
associated with navigation improvement (Harleman 1971).
Most of the early models were of the movable bed variety
using only fresh water. Geometrical distortion has been
standard practice. About 1940 the need to include density
effects was first recognized, and the Waterways Experiment
Station (WES) of the U.S. Corps of Engineers began model
operations involving both fresh and salt water (Simmons
1966). The procedure of verifying model tidal hydraulic
and sediment transport against observations in the natural
estuary (prototype) had been established early and has led
to "undisputed success . . .  in providing engineering
solutions to important problems concerned with navigation"
(Harleman 1971). Encouraged by these results and spurred
by a rising interest within the last decade in estuarine
water quality, investigators have begun experiments in
which dye tracers are released in a model to simulate the
spread of a pollutant in nature. In Harleman's words,
There is obviously a great attraction to the use of a 
physical model, especially since so many of them 
already exist. They have been built to study shoaling 
and sedimentation problems, and they are there . . . 
Why not use them for water quality studies?
1
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2
He answers his own question by pointing out that different 
laws govern pollutant dispersion in the fresh and isohaline 
portions of an estuary from those applicable in the region 
marked by a longitudinal salinity gradient. Verification 
of salinity distribution establishes that the model tells 
the truth about pollution in the latter (variable salinity) 
reaches, he states, but falls short of establishing the 
existence of similitude elsewhere. The assumption that 
dispersion of solutes is correctly modeled throughout the 
estuary, then, is unjustified, a "faith operation" supported 
until now by neither theory or experiment. This dissertation 
reports research whose results broaden the area in which 
verifiable similitude can be attained.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER I I
THE CONCEPTS OF SIMILITUDE AND DISPERSION
Two concepts are central to this research: similitude
and dispersion. The former refers to the fidelity with 
which a hydraulic model reproduces the fluid processes 
of the prototype. The latter refers to "spreading of 
marked fluid particles by the combined action of a 
velocity distribution and diffusion" (Fischer 1973). In 
this chapter, each concept is discussed separately; their 
interplay is treated in Chapter III, Previous Investigations.
The differential equation approach to similitude is 
attributed (Keulegan 1966) to Helmholtz (1873) in his 
study of the ascent of hot air balloons. As applied to 
estuarine hydraulic models, Harleman (1971) states it as 
follows: "The fluid processes {of mass and momentum
conservation} in two different systems, which are geo­
metrically similar, will be identical if the dimensionless 
equations governing the fluid processes in the two systems 
are likewise identical." More succinctly, "Flow lines in 
model and prototype are similar" (Keulegan 1966). A useful 
model, then, must satisfy two conditions:
(1) It must be geometrically similar to the prototype 
(i.e., the full-sized natural estuary).
(2) The identical dimensionless equations governing a 
given process in the prototype must also govern that 
process in the model.
3
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By (undistorted) geometrical similarity is meant that:
XM yM ZM
~ y p = " L r  (2-1)
where x, y, and z are the usual Cartesian coordinates as
shown in figure 2-1, M and P denote respectively model and
prototype, and L is termed the length ratio or scale. This
is the type of similarity observed in a ship model. If
L = 1/25, for example, a model of a ship 100 feet (30.5 m)R
long would have a length of 4 feet. By the same token, if
an estuary measures 10 nautical miles (nm) or 18.5 km across,
its model built to a scale L = 1/500 would measure 0.02 nmR
(37 m) across. If the estuary were 100 feet (30.5 m) deep, 
the model would be 0.2 feet (6.1 cm) deep.
Under certain conditions, a study of the dimensionless 
equations shows that an estuarine model can depart from 
geometrical similarity to the extent that a greater scale 
is used for vertical (y direction) lengths than for hori­
zontal (x and z direction) lengths:
x  z „,M  M _
xp " zp " LR (2-2)
h -y YR (2-3)
Y > L (2-4)R R .
Y is termed the vertical scale; L , the horizontal scale.x\ R
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5
Such a model is said to be "distorted" and to display 
"vertical exaggeration." The distortion r, is equal to 
the ratio of vertical to horizontal scales:
L . (2-5)R
Typical values are Y = 1/100, L = 1/1000, T = 10.R R
The requirement for identical equations applies to
the three conservation processes: conservation of water
mass, conservation of momentum, and conservation of solute
mass. Identity implies that each term of a given model
equation is composed of the same coefficient and variables
as the corresponding term in the prototype equation.
Although fundamentally three dimensional, fluid processes
in most estuaries can be analyzed by one dimensional
equations (Harleman 1971). These are derived
. . . by a spatial integration of the three dimensional 
equation over the flow cross section. Thus any 
quantities such as velocity {and} concentration . . . 
are spatial averages over a cross section corresponding 
to a specific time period of averaging . . . The one­
dimensional equations are well suited for estuaries 
displaying vertical and lateral homogeneity {as in the 
Lafayette) . . . The various quantities, such as 
velocity, concentration, cross sectional area in the 
one-dimensional model are assumed to be functions of 
a single spatial variable x and time t. The longi­
tudinal distance x is measured along the axis of the 
estuary and cross sectional areas are normal to the 
local direction of the axis.
The first process to be considered is the conservation 
of water mass according to the equation of volume continuity. 
Using the notation illustrated in figure (2-1) and following 
Harleman's one dimensional approach, this becomes:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3h 3Q
b—  +  g = 0.
3t 3x
b = width of estuary 
h = depth of estuary 
t = time
Q = river discharge of fresh water
q = external lateral fresh water flow into estuary 
per unit length
The equation is nondimensionalized by selecting a set 
of reference quantities and expressing each variable as a 
dimensionless ratio with respect to the appropriate refer­
ence quantity. These are:
L = characteristic horizontal length 
Y = characteristic vertical length 
U0= characteristic velocity.





t°= t/tQ = tU0/L 
Q°= Q/LYUq 
q°= q/YU0 .
(The notation is that a subscript zero indicates a reference 
quantity while the superscript zero indicates a dimensionless 
ratio.)
Each new variable is seen to be the quotient obtained when
6
(2-6)
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one divides a measured quantity by the corresponding 
characteristic quantity. The quantity L or Y "may be a 
measurable length identified in the fluid environment or 
. . . may be a derived length using measurable quantities 
the combination of which leads to a linear dimension . . .
{UQ} may be a measurable velocity significant in the general 
arrangement of things or it may be an apparent velocity 
derived from other known or observable quantities" (Keulegan, 
1966) . Commonly the length of the estuary is taken for L.
If, for example, L=20.nm(37 km), then the midpoint of the 
estuary, 10 nm (18.5 km) above the mouth, would be at 
x° = 10/20 = 0.5. The dimensionless variable x° thus 
expresses a fraction of estuary length. The significance 
of t° is not quite so clear. It involves the calculation 
of the characteristic time tQ, which is the time period 
required for travel over distance L at characteristic 
velocity UQ. If UQ = 5 knots (2.5 m/sec), tQ = 20/5 = 4 hrs. 
The dimensionless value of t° representing a 12-hour tidal 
period would then be t° = t/tQ = tUQ/L = 3.
Equations (2-7) are solved for the variables x, b, h, 
etc. Their values, in terms of reference quantities and 
dimensionless ratios, are then substituted in equation (2-6). 
Cancellation of common coefficients yields the continuity 
equation transformed in terms of dimensionless variables:
b° 3h° 3Q°
—  + — ; - q° = 0. C2-8)3t 3x
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It is then necessary to nondimensionalize the equation 
governing the conservation of momentum:
U = axial water velocity (averaged across cross 
section)
g = acceleration of gravity
A = cross section area of estuary
R = hydraulic radius - h for wide estuaries
0^= Chezy coefficient = 1.49 R V6/n (2-10)
n = Manning's roughness coefficient.
Employing the same technique as for continuity, and 
with R = R°Y, one obtains the nondimensionalized momentum 
equation:
The third significant fluid process is mass transport. 
Assuming a constant density, conservative (i.e., non-decaying) 
substance, turbulent flow, and q = 0, it can be described 
by the one dimensional convection-diffusion equation (about 
which more will be written later in this chapter).
3Q 3Q 3U 3h gQ | Q |
—  + U —  + Q —  + g—  A + -----
3t 3x 3x 3x
0 (2-9)
0 (2-11)




3c 3c 1 3 T 3c
—  + U —  = —  —  a et—
3t 3x A 3x L 3x
(2-14)
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where c = concentration of solute (mass per unit mass)=c,(x,t)
Et= longitudinal dispersion coefficient.
Adding to the list of transformed variables
E°= E /E T T T0
C°= c/cn (2-15)
where E and c are reference quantities, and following the 
To 0
procedures used above, one obtains
0 0 I 03c 3c 1 1 3 / 3c \





Equations (2- 8), (2-11), and (2-16), then, must apply 
in identical form to both model and prototype. The terms 
of the prototype equations, one notes, are composed entirely 
of dimensionless variables except for the three coefficients 
F2, S, and J. These coefficients are seen, from equations 
(2-12), (2-13), and (2-17), to be products of two kinds of 
factors: reference quantities chosen by the investigator
(UQp , Yp, and Lp) and parameters set by nature (g, C^p)-
Inserting these values determines the magnitudes of the 
coefficients and determines, then, the particular form of 
the governing prototype equations. Similitude in modeling 
requires in the model a corresponding set of these parameters 
ÛoM' V  ET M' LM' ChM^ such that, when their values are 
substituted into equations (2-8), (2-11), and (2-16), the
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resulting model equations are identical with their prototype 
counterpart equations. As will be seen, some of the para­
meters can be set directly by the modeler but others (ET0M
and ChM) are arrived at only indirectly and with the
expenditure of much time and effort.
The process of obtaining similitude begins by insisting 
on equality of the Froude numbers FM and Fp.
F = F (2-18)
As before, a subscript M denotes a model parameter; P, a 
prototype parameter; R their ratio. From (2-12)
F 2 =M
D0P---  = F2 . (2-19)
»ym " gYp
Satisfying this condition produces a Froude model, in which
(2-20)
u0p
The modeler can no longer select both UqM and YM arbitrarily 
having chosen one he has also fixed the other.
Turning to the next coefficient, S, one sees from 
equation (2-13) that similitude requires
gLM gLpS„ = —  = — £ = s_ . (2-21)
r z Y p z v hM M hP P
With the use of (2-10) one finds the requirement that
Y
n = R
R L Vz (2-22)R
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When the modeler selects values of YM and LM , he thus
fixes n„ and R
“M = nFnR (2- 23)
since np was set by nature. Typically
n > 1 (2-24)R
and special methods are needed to obtain the necessary
high value of n .M
Finally, one must have
j = EToM _ EToP = j 
M uoMLM D0PlP P (2-25)
which implies that
Em = V /2Lr (2-26)ToR R R
and that
ET0M = ET0P y iA r • (2-27)
With E!j.0p ' an<̂  l r fixed by the model designer, there is 
but one value of ETqM, which will produce similitude of mass 
transfer. One goal of this research project has been to find 
out whether that unique value is attainable.
A model will display similitude, then, when equations 
(2-8), (2-11), and (2-16) describe both model and prototype 
without modification of any term. Given a set of prototype 
parameters and characteristic quantities, this situation can
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
be brought about by choosing and/or adjusting the model
Chapter IV, Model Design, and Chapter V, Model Construction, 
explain how the parameters were obtained in the Lafayette 
River model.
The one-dimensional equation (2-14) introduced the con­
cept of dispersion by its inclusion of the longitudinal 
dispersion coefficient ET » To understand dispersion fully, 
however, one must first consider the three-dimensional 
process of turbulent mixing. Harleman (1966) shows in 'his 
equation (12.6) that
Here u^ indicates instantaneous velocity along the ith 
Cartesian axis where x t = axial coordinate, x2 = vertical 
coordinate, x 3 = transverse coordinate (x, y, and z respectively






3t ■‘3Xj_ 3x £
0 (2-31)
where (2-32)
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in figure 2-1). The overbar indicates a time-averaged 
value of each variable and the single prime indicates the 
fluctuation or turbulent departure from the time-averaged 
value. Thus
c(t) = ~  + c' (t). (2-33)
By analogy with Fick's law of diffusion, one can assume that 
  3cV Iuic = -ei—3x (2-34)
where e is called a coefficient of eddy diffusion or turbulent
diffusivity. That is to say, the mass flux due to deviations 
from the temporal mean flows down the mean concentration 
gradient at a rate proportional to the magnitude of that 
gradient. Equation (2-31) then becomes
3c 3c
—  + u-  =   . (2-35)
3t 3x±
The first term on the left represents the time rate of change 
of mean concentration; the second the advective flux; the 
right side the diffusive flux. Only the deterministic, 
average (overbarred) values of concentration and velocity 
remain; the random, hard-to-measure turbulent (primed) 
fluctuations have been removed at the cost of adopting the 
three eddy diffusion coefficients e^. These are among the 
least well understood parameters in the mass transfer process 
(Fisher, 1972), and the significant simplication in the form
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of the equation is to some extent offset by ignorance of 
the values one should assign to e,. Worse is to come,
however, if the equation is to be one dimensionalized.
Tennekes and Lumley (1972) express the investigator's
dilemma in this way:
Since the equations governing turbulent flow are very 
complicated, it is tempting to treat the diffusive 
nature of turbulence by means of a properly chosen 
effective diffusivity. In doing so, the idea of 
trying to understand the turbulence itself is partly 
discarded. If we use an effective diffusivity, we 
tend to treat turbulence as a property of a fluid 
rather than as a property of a flow. Conceptually, 
this is a very dangerous approach. However, it 
often makes the mathematics a good deal easier.
It will be recalled that equation (2-31) resulted 
from time-averaging the instantaneous values of c and u^. 
To produce a one-dimensional equation, one then proceeds 
to space-average equation (2-31) over the estuary cross
section by operating on each term with - dA. As Harleman
Here the capital letter denotes a cross section mean of the 
time-averaged variable and the double prime denotes the 
spatial variation from the cross section mean. Equation 
(2-31) becomes, with only x^ remaining (as x):
l
(1971, section 3.2.1) explains in more detail
(2-36)
A for i = 1
I ,u. for l = 2,3.l
(2-37)
A






The first term on the left, as in equation (2-35), repre­
sents the time rate of change of time- and space-averaged 
concentration C; the second the advective flux. The terms 
on the right can be taken as a diffusive flux if one assumes 
that, as in equation (2-34),
where E is a factor of proportionality corresponding to e^. 
The right hand side of (2-38) becomes
where e^ is the cross section mean value of the longitudinal 
turbulent diffusivity e lt Finally, defining a one-dimensional 





E = E + eT x (2-41)
and employing the continuity equation in the form
3 A 3 (AU)
+ 0 (2-42)
3t 3x
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the one-dimensional variable-area mass transfer equation
becomes
*3C 3C 1 3 3C
““ + U—    AEm—3t 3x A 3x 3x
(2-43)
Reverting to the usual notation whereby c replaces C as 
the cross section-averaged, time-averaged concentration, 
the result is equation (2-14) on which was based the con­
cept of similitude. The very considerable decrease in 
complexity of the three-dimensional mass transfer equation 
(2-35) has been gained primarily at the expense of a cascade 
of Fickian assumptions which "parameterize" the elusive 
quantities u|, c', u£, and c" in terms of the deterministic 
average concentration C and velocity U.
Even more so than e^/ if possible, E^ is a function of 
the flow. Its behavior can vary between two extremes. In 
the one case, assume that, at a given cross section, flow 
is turbulent but the time-averaged velocity is constant 
across the cross section. Then
In this extreme, which is impossible in nature but can be 
considered as a limit, the longitudinal dispersion coeffi­
cient is identical with the cross section mean longitudinal
3u 3u I I I0 = u U C = E (2-44)
3y 3z
and equation (2-41) becomes
(2-45)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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diffusion coefficient e . As the other limit/ assume ax
cross section where flow is laminar but velocity varies 
across the section. Now e vanishes and equation (2-41) 
becomes
Et = E . (2-46)
Here the cross sectional velocity variation is the primary 
determinant of the longitudinal dispersion coefficient.
In actual flows, the relative magnitudes of the components 
of Et will vary. In some cases turbulent transport may 
dominate as in equation (2-45); in others velocity distri­
bution may dominate as in equation (2-46); still other 
flows may be intermediate between these two. It is impor­
tant to apply the proper equation(s) to the analysis of 
flow in any particular estuary.
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CHAPTER III 
PREVIOUS INVESTIGATIONS
This chapter is concerned chiefly with the efforts 
of various investigators to relate the value of E to directly 
measurable estuarine parameters and with the crucial impact 
of this relationship on the attainment of similitude. A 
simple example will demonstrate why this relationship is 
so important. Chapter II showed that, for similitude, the 
characteristic or reference dispersion coefficient of a 
Froude model must bear a relationship to the prototype 
value which is fixed by the horizontal and vertical scales, 
namely
E = L Y 1/fe . (2-26)ToR R R 1 '
Suppose that in nature the magnitude of the longitudinal 
dispersion coefficient at the mouth of an estuary E were 
related to the estuary's length L and maximum depth Y by the 
expression
E = f(La, Y3, 0Y) (3-1)Ta
where 0 denotes absolute temperature and a, 6, and y are 
universal constants (that is, valid for all estuaries). 
Further, establishing E as the characteristic value for 
the longitudinal dispersion coefficient (i.e., E = ETa)r
18
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one finds that
E = E _ f(LS ' ^ ' 6M>
TOE TaR f( - » gYj • (3_2)
For similitude, then, the value of Em „ must satisfy bothToR 2
equation (2-26) and equation (3-2). Thus
t(L“ ' Yf  ^  = L X *  . (3-3)f (L«, y3, eg) R R
Clearly equation (3-3) can be satisfied for some functional 
relationships, f, and some values of a, 3/ and y but not 
for others. If, for example, the relationship is
E = L xY^e° (3-4)To
equation (3-3) becomes 
L YM xM = l y 1/2
LpYp V2 R R (3-5)
and similitude is attained identically. If, on the other 
hand,
E = I ^ Y ^ e 1 (3-6)To
then equation (3-3) yields
t y 3/2 q
M M M = L Y 3/2 
LpYp V29p R R (3-7)
whence 0R = 1 and model temperature must be kept equal to 
prototype temperature for similitude. As another example,
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equation (3-3) would become
l2y 2 eP M P (3-9)
whence
(3-10)
Now similitude is attainable if and only if 0 can be main-M
tained in accordance with equation (3-10) —  which might or
whose only solutions are the trivial Y = 0 or YR = 1, meaning 
that similitude is unattainable in a model.
Several situations are evidently possible, depending 
upon the functional relationship existing between ET and the 
parameters of the estuary. Similitude may be attainable for
might not be feasible depending upon the magnitudes of L ,R
Y , and 0p . Finally, assume that the functional relationship R *•
of equation (3-3) turned out to be
E,To LY (3-11)
Then equation (3-3) becomes
L YM M  j,,  = L Y izL Y R R (3-12)
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all values of L and Y (equation (3-5)); it may be R R
attainable through manipulation of a third model parameter, 
like temperature in this hypothetical example (equations 
(3-7) and (3-10)); or it may be unattainable (equation 
(3-12)). Hence the paramount importance of discovering 
this relationship —  an important aspect of what Csanady 
(1973) calls "one of the most untractable problems in the 
physical sciences, a full understanding of which is not in 
sight yet."
Investigations have been concerned with five separate 
but often overlapping aspects of dispersion. The conceptual 
danger described by Tennekes and Lumley (1972) proves to 
be very real, for the dispersion in experiment A corresponds 
to the dispersion in experiment B only if flow A corresponds 
to flow B. This is the meaning of the statement that the 
dispersion coefficient is a function of a flow, not of a 
fluid. Unfortunately the criteria for distinguishing one 
type of flow from another are only slowly becoming evident, 
and a unified theory of dispersion is only now beginning 
to reveal itself. In the meanwhile differences in definition, 
nomenclature, and notation add to the confusion. This 
chapter attempts to document progress concerning each of 
the five aspects mentioned above; Chapter XI, Discussion, 
attempts to reconcile the apparent conflicts and present a 
coherent theory which identifies and correlates the several 
phenomena involved.
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The five aspects each involve a separate category of 
flow, as follows:
1. Dispersion caused primarily by velocity shears in steady 
turbulent flow of constant density fluid.
2. Dispersion caused primarily by turbulence in fields of 
near-uniform velocity in constant-density steady flow.
3. Dispersion caused primarily by oscillating tidal flow 
in an estuary as opposed to steady flow in a river.
4. Dispersion caused primarily by multi-layered flow in 
stratified fluid of varying density.
5. Similitude of dispersion in distorted estuarine models. 
The word "primarily" cannot be omitted above because, in 
nature, estuarine flows invariably involve two or more of 
these aspects. It is virtually impossible to investigate 
them independently; their interplay complicates experiments 
and renders their analysis particularly difficult. In the 
interest of clarity, the following discussion sacrifices 
some rigor in order to emphasize the distinctions rather 
than the interplay.
G.I. Taylor pioneered investigation into flows of the 
first category in which dispersion is caused primarily by 
turbulent velocity shears in constant density fluid flowing 
steadily. Taylor (1953) worked on the premise of velocity 
shear in straight pipe flow determined by wall stress 
according to the "universal" law:
u* (3-13)
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u q = centerline velocity
u* = friction velocity
f(z) = universal curve of Nikuradse and others
t = friction stress exerted in the wall o
p = fluid density 
a = pipe radius 
He observed that, far enough downstream from the point of 
introduction of marked fluid, "the increase in cross sec­
tional concentration variation because of the velocity 
shear would be exactly balanced by the decrease because of 
cross sectional mixing" (Fischer 1973). The latter he 
calculated using a diffusivity based on Reynold's analogy. 
Expressing this equilibrium leads to the relationship 
(Fischer 1971, Thatcher and Harleman 1972) for the dispersion 
coefficient for constant density flow
kuM2l
E = 10.1 au* = ----
T e (3-16)
where
1 = characteristic cross section length 
e = transverse turbulent diffusivity 
k = 0.054 for pipes, 0.067 for open channels. 
Referring to the situation described in equation (2-41) one 
recognizes the limit approached in flows of small-scale
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turbulence and high velocity shears. Thus Taylor's E^ is 
closely allied to E in equations (2-46), (2-41) , and (2-39).
L.F. Richardson and A.N. Kolmogoroff made observations 
involving the second category of flows in which dispersion 
is caused primarily by large scale turbulent eddies in 
fields of near-uniform mean velocity. Richardson (1920), 
noting the wide range in speeds of atmospheric dispersion, 
postulated that the farther apart are two particles the 
faster they separate. He proposed the empirical formula
Et = kLV3 (3-17)
where L is a characteristic length of the concentration 
distribution and k a constant of proportionality. Richardson 
and most other investigators refer to the coefficient on 
the left as a diffusion coefficient. In the absence of 
velocity shear, however, equation (2-40) explains that the 
one-dimensional cross section averaged longitudinal diffusion 
coefficient ex is synonymous with the dispersion coefficient
E .T
Some years later theoretical justification for (3-17) 
came from Kolmogoroff1s (1941) "theory of similarity of 
small eddies" in isotropic turbulence. In the equilibrium 
range of wave numbers, where kinetic energy is being dissi­
pated as heat, "The motion . . .  is uniquely determined 
statistically by the parameters G (energy dissipation rate) 
and v (viscosity)" (Batchelor 1950, 1953). Thus, by dimen­
sional analysis, length and velocity scales characterizing
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u = 8, (vG) 1/4 (3-19)
where
5, = characteristic eddy length 
u = characteristic eddy velocity 
v = viscosity
G = energy dissipation rate per unit mass 
^i ' ^ 2  = constants .
If Bx = 82 = 1/ H becomes n and u becomes v, the "Kolmogoroff 
Microscales." These are much smaller than the scales of the 
main flow. For example, Tennekes and Lumley (1972) show that:
—  = a"Re'3/*
L (3-20)
where
L = turbulent length scale of large eddies 
Re = Reynolds number of large eddies
I
a = constant whose order of magnitude is unity.
For a typical model n is of order 0.1 in (0.25 cm); for a 
typical estuary o is of order 0.01 in (0.025 cm).
Tennekes and Lumley (1972, Chapter 1) explain how the 
dispersion coefficient for flows of this category, in which 
the large scale eddies accomplish most of the mixing, can be 
correlated with that of the microscale flow. In choosing 
a value of which will make equation (2-43) "at least a
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crude representation of reality, one must insist that . . . 
the time scale of the hypothetical turbulent diffusion 
process is equal to that of the actual mixing process." 




while that for the actual turbulent process is 
T
t u (3-22)
As in equation (3-20), L is the length scale of the large
eddies, u their velocity scale, and a t and a2 are constants,
Equating equations (3-21) and (3-22) and dividing by
viscosity v gives
a L2 T T a„L  i_____ T  t  l_
E^v v v uv (3-23)
whence
E a uL
—  T - — 1 = -- = a Re
v a v 3 (3-24)
2
where Re is the Reynolds number describing the large scale 
turbulence and a3 is a constant.
Combining equations (3-20) and (3-24) gives
R = M l )  - i
\L/ a ve w  1 •• (3-25)




E_ = a  --
T n^3 (3-26)
Iwhere a is another constant. Multiplying numerator and 
denominator by G 3̂3, and recognizing from (3-18) that
n G lA (3-27)
so that
G 1/3 =  _1
n1*̂  * (3-28)
equation (3-26) becomes
Et = aG1/3LV3 . (3-29)
This relationship is seen to differ from equation (3-17) by 
the inclusion on the right hand side of the energy dissi­
pation rate to the one third power. The constant propor­
tionality has become dimensionless. Both equations are 
forms of what has been called the "four-thirds law."
Orlob (1961) evaluated the constant term a in equation 
(3-29) and found
Ê , = 0.034G1/3La"/3 (3-30)1 a.
where L& = Lagrangian eddy size, the characteristic scale 
of eddy diffusion. His experiment involved the release of 
a series of small floating discs at a point near the center
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of an open channel 4 ft (1.2 m) wide by 8 in (0.2 m) deep 
by 32 ft (9.8 m) long. Reynolds number of the flow was 
in the range 18,000-19,000, and turbulence at the surface 
was homogeneous in two directions except near the channel 
walls, entrance, and exit. He analyzed the downstream 
positions of the discs with respect to the centroid of the 
set, finding typical Gaussian forms in both transverse and 
longitudinal directions. Taking the dispersion coefficient 
as one half the time rate of change of the variance c2of 
disc distribution, that is 
1 d (a2)
T 2 dt # (3-31)
Orlob then calculated energy dissipation rate and eddy size 
to obtain (3-30). Eddy size La varied from 1/40 to 1/4 of 
the width of the channel.
Harleman (1961, 1966) describes two experiments at WES 
from which values can be obtained for a in equation (3-29). 
One set of runs (Section 12.4) was made in a 32-foot flume 
representing an idealized estuary, with turbulence generated 
by oscillating screens. These tests showed that
E = 0.0011 G 1* (3-32)T
where lengths are measured in feet. If one assumes that this 
flow was similar to Orlob's, with nearly constant velocity, 
then it too belongs to the second category. Flume depth is
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0.52 ft (16.0 cm) so that
h * La = 0.52 . (3-33)
Then equations (3-32) and (3-29) yield
whence
and
Et = 0.0011 G 1/3 = aL*/3G 1/3 = a(0.52) */3G 1/3 (3-34)
a = 0.003 (3-35)
Et = 0. 003G1,3L ^  . (3-36)
The second experiment (Section 13.5) involved a set of 
constant density tests at the WES tidal flume, which measures 
327 ft (99.7 m) long by 9 in (22.3 cm) wide with a water 
depth of 6 in (15.2 cm). These gave
Et = 2.8 G 1'3 (3-37)
with lengths in feet and E^ defined as the "longitudinal 
diffusion coefficient" at the mouth. Using the same argument 
as above yields
Et = 7 G 1/3L f  . (3-38)
The value of a is 3 orders of magnitude above that in equation 
(3-36) and two above that in (3-29), suggesting that Ê , ^ ex 
in this case. Since the cross section of the tidal flume was
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narrow, measuring 9 in by 6 in (22.3 cm by 15.2 cm), the 
flow must have exhibited large velocity shear as opposed 
to that in the first experiment. Furthermore the first 
set displayed purposely high turbulence levels. Conse­
quently the second experiment must not fall into the 
turbulence-dominated category two but rather into shear- 
dominated category one, and the value of 7 is not a good 
approximation of a. Had the flume depth been varied during 
the second experiment, the inapplicability of the four- 
thirds law would have become immediately evident.
Csanady (1973) gives an equation (4.33) for an unbounded 
growing cloud of the form
d (ai2) i . , He.  -----  = a a G (3-39)
1 dt
where is the standard deviation of cloud size along any
i •»of the Cartesian axes and a and a are constants of order 
unity. The equation is asserted to hold for eddies in the 
inertial subrange, in which is comparable in size to that 
of the eddy itself. If cloud length is taken as 4a__ so that
ax = L/4 (3-40)
and one assumes that ev approximates ev and hence E_, thenX X J,
Et = a G ^ h " ' 3 (3-41)
where a is of order 0.16.
A number of Japanese investigators including Higuchi 
and Iwagaki (1968), Higuchi et al. (1974), and Higuchi and
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Yanagi (1974) have designed models of constant density 
water bodies, measured the one-dimensional dispersion 
coefficient in model and prototype, and found both to 
follow the four-thirds law. They give values of K and of 
width La together with tidal data from which one can cal­
culate G by the method of Harleman (1966, Chapter 10).
One obtains for Mizushima Bay (Higuchi et al. 1974, figure 
8) model and prototype a value for a of order 0.01. Some 
error is possible in this determination because Harleman's 
approach to calculating G is precise only for constant 
cross section areas.
A discrepancy becomes evident if one uses Taylor's 
formula to describe dispersion in constant density estuarine 
reaches. These occur near the mouth at flood tide (when 
the salinity is constant at the oceanic value) and in the 
fresh water tidal river. Flows in these areas fall into 
the third (oscillatory, constant density) category, and 
the observed value of ET often turns out less than the 
predicted value. Harleman (1966) and Fischer (1971, 1972) 
show that the steady flow value EToo must be reduced by a 
factor depending upon the period of oscillation. Taking 
Taylor's equation 3-16 as a point of departure, one can 
separate vertical and transverse components of E^ as follows
(3-42)
E.V = E f (T' ) = lOOnu R 5/6f(T') .V00 V 0 V (3-43)
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E = dispersion coefficient due to vertical shear 
v and oscillating tidal flow
Evoo = steady flow coefficient
Ty = T/Tv = dimensionless period of vertical 
oscillation
T = tidal period
Tv = h 2/ey = time scale for vertical mixing
h = depth of estuary
e^ = vertical diffusion coefficient
f(T ) = E/E as given in Fischer (1971 , fig. 2.)V  oo
0. lu"2 (b/2) 2 f(T')
E = Etoof (T.) = -------------------
* r ez (3-44)
E = dispersion coefficient due transverse shear 
t and oscillating tidal flow
E, = steady flow coefficienttoo J
u" = mean transverse velocity deviation
t ' = T/Tt = dimensionless period of transverse 
oscillation
Tt = b2/et = time scale for transverse mixing
b = estuary width
e„ = transverse diffusion coefficient z
f(T^) = E/Ero as given in Fischer (1971 , fig. 2.)
Thatcher and Harleman (1972) report satisfactory results in 
several estuaries using a simplified version of equation 
(3-42) in which Efc vanishes and f(T^) is taken as unity. 
These included the Delaware, the Potomac, the Hudson, and 
the Rotterdam Waterway.
The fourth flow category is encountered in reaches in
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the middle of an estuary, where salinity and hence density 
vary with position and with time. Thatcher and Harleman 
(1972) summarize the long line of investigations into this 
aspect of dispersion. They show that, in an estuary that 
is well mixed according to Pritchard's (1960) classification,
Et must be increased by a term EQ which accounts for addi­
tional dispersion due to a layered flow induced by gravity 
acting on water parcels of different salinity and hence 
density. To describe the mixing process in an estuary, 
then, equation (2-14) must be modified by substituting E 
for Et . Thatcher and Harleman (1972) find that:
(3-45)
ED K --- (3-46)
s = s(x,t) = salinity
s0 = salinity at mouth of estuary
x° = x/L
L = length of estuary
K = 0.002 u. L N"i^ o ED (3-47)
uQ = maximum flood velocity at mouth of estuary
PtFdN = --- = = densimetric estuary number
r, mQ T
PT = volume of tidal prism
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Q = fresh water discharge 
T = period of tidal oscillation 
u
F =    = densimetric Froude number (3-48)
D « V / p
hQ = depth at entrance of estuary
A = p(x=o)-p(x=L) = density change over entire 
13 length of estuary
p = mean density in estuary.
Harleman (1966) has attempted to reconcile the coef­
ficients for the first and second categories through the 
relationship, exact for uniform open channel flow,
_ gu3
C^R (3-49)
where g is the acceleration of gravity. With this equation 
and Taylor's equation (3-16) he shows, after some manipulation, 
that for category 1 flows
20.2gl/6




Ch = n (3-51)
equation (3-50) can be written as
20.2g1/6n l/3
E = aG1,3Rlt/3 = ---------  G ^ R 1*'3 . (3-52)
T 1. 5 V3R V1 8
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Since n and R appear with small exponents, the coefficient 
will vary little over typical estuarine ranges of n and R.
If, for example, 0.020 < n < 0.030 and 5 ft < R < 100 ft 
(1.5 m < R < 30.5 m), then
6.6 < a < 8.8 . (3-53)
To a first approximation, one can write for shear-dominated 
estuaries (category 1)
E - 7.7 G ^ R 1*73 . (3-54)
In an estuarine model nM > np and R^ < Rp , suggesting that 
aM > ap . Equation (3-51), however, is not directly appli­
cable to the model since model flow resistance comes 
primarily from roughness elements rather than from the river 
bed (Fischer 1975). Hence equation (3-52) is not directly 
applicable and one cannot make such a prediction.
Fischer (1972, Section 5.3) makes an argument similar 
to Harleman's just cited.
Noting the similarity of equations (3-54) and (3-38), 
one observes that the dispersion coefficient for shear-
/vdominated flows (ET - E) can be expressed in the form of a 
four-thirds law but with a much higher coefficient a than 
that for the coefficient for turbulence dominated flow
<eT “ 5x»•
The introduction to this chapter demonstrated the depen­
dence of model-prototype similitude upon the form of the
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equation for the dispersion coefficient. Several investi­
gators have drawn conclusions regarding this fifth aspect 
of dispersion. Not surprisingly, their conclusions vary 
as widely as did their equations.
Harleman (1966, 1971) was among the first to consider 
the problem. On the basis of equation (3-16), which he 
transforms into
E = 14.3 R (2gRS) 1/2 (3-55)T ®
where Se is the slope of the energy gradient, he shows that
E = Y ^ L " 1̂  . (3-56)TR R R
Equation (2-26) established that similitude requires
E = Em n = Y 1/2Lp . (3-57)TR ToR R R
In a distorted model
YRLR ^  = r̂LR^2LR 1̂  = r2LR2 > r3/2LR3/2
= (TL ) ̂ 2L = Yr ^ L r (3-58)JR' R
where r is the vertical distortion, always greater than 
unity. Harleman concludes that in a shear-dominated, con- 
stant-density reach of a model, dispersion will be greatly 
magnified and thus similitude will not be obtained.
Fischer (1971), expanding Harleman's analysis to 
oscillatory constant-density flow, reaches a similar con­
clusion:
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In very wide estuaries the dispersive effects of both 
transverse and vertical velocity gradients are mag­
nified . . .  In narrow estuaries dispersion due to 
transverse gradients may be properly modeled, but 
dispersion in the model is usually caused primarily 
by vertical gradients, and the overall result is 
magnified.
Following a suggestion in his 1971 paper, Fischer and 
Hanamura (1975) recalculated the mixing coefficient as 
applied to model estuaries in which roughness comes 
primarily from vertical metal strips. They found that 
the transverse diffusion coefficient ez "depends on the 
strip arrangement, the width of the strip, and the velo­
city." In view of equation (3-44), ETM and ETR are thus 
modified and the modeler has a way to obtain similitude 
of transverse mixing "through a proper combination of 
strip widths and velocities but . . . such agreement is 
by no means certain and needs to be investigated in each 
case." Nonsimilitude of vertical gradients, and hence of 
the total dispersion coefficient, is not considered in 
their paper.
The literature contains no analysis of similitude of 
dispersion caused by density-driven layered flow. If, 
however, one forms the ratio EDR from equation (3-46) he 
finds that
e dr = V a ' ! <3-59>
as required for similitude. Thus in a hypothetical situa­
tion where ED is the sole component of E, model and proto­
type mixing should agree. Harleman (1971) considers that
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similitude of dispersion, if attainable anywhere, exists 
in the mixed reaches of a properly adjusted estuarine 
model. Herrmann (1975) states that "verification of model 
salinity conditions against prototype observations insures 
that the mass dispersion process is satisfactorily repro­
duced" in such regions.
The Japanese modeling community take the view that 
dispersion is governed, or at least dominated, by equation 
(3-29). See, for example, Higuichi (1974). Thus
On the assumption (not universally held, as discussed below 
and in Chapter XI) that
they set
On this basis their standard scale ratios are L = 2000,R
Yr = 159. They report an impressive number of models in 
which similitude of dispersion was attained. These are 
listed in table 3-1.
Harleman (1971, Section 2.2) shows that the model-to- 
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GR - ’̂ ’' V  • (3-64)
Thus Gm  = Gr only for certain values of YR and LR rather 
than identically as assumed in equation (3-61). The 
implication on similitude, not mentioned by Harleman, is 
considered below in Chapter XI.
Several German (Ohlmeyer and Berndt, 1974) and Dutch 
investigators (van Rees et al. 1974), like the Japanese, 
use the four-thirds law as a basis for model design (see 
table 3-1). WES, the largest builder of models in the 
United States, has concluded that similitude of dispersion 
is attainable in models of various scales and of both 
constant and variable density water bodies. The literature 
does not include a quantitative explanation, but Herrmann 
(1975), citing Fischer and Hanamura (1975), states that 
"it is possible to model the dispersion of pollutants in 
three dimensions with time, the model tracer {being} a 
conservative dye." Several WES models are reported to 
have attained similitude verified against prototype exper­
imental data as summarized in table 3-1.
Many investigators recognize the need to confirm the
various theories of similitude by comparison between theory
and observation of dye tracer dispersion. Pritchard, for
example, in his discussion of Harleman (1971, p. 259) sums
up the lack of data as follows:
I think that this is an unfortunate situation . . .
It behooves us to lay this question {of similitude} 
to rest, or at least to get enough field data,
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TABLE 3-1





















Higuchi and Iwagaki 
1968
2. Mizushima Bay 
and 8 others
1/2000 1/160 1/159 12.5 44 Homogeneous "Good" Higuchi et al. 1974
3. Seto Inland Sea 1/2000 1/160 1/159 12.5 44 Homogeneous "Good" Higuchi et al. 1974
4.San Francisco Bay 1/1000 1/100 1/100 10 32 Mixed estuary Order of magnitude 
reasonable »
Bailey et al. 1966 
Harleman 1971
0
5. Savannah Estuary 1/800 1/80 1/86 10 32 Mixed estuary "Quite good" Hastier in Ward and Espey 1971
6. Tokyo Bay 1/2000 1/100 1/159 20 89 Mixed estuary "Substantiallyagreement" Eemura et al. 1967
<J7. San Diego Bay 1/500 1/100 1/63 5 11 Homogeneous "Satisfactory" Herrmann 1975
8. North Sea Estuaries 1/500 1/100 1/63 5 11 Mixed estuary "Good" Ohlmeyer & Berndt 1974
9. Lafayette River 1/540 1/12 1/66 45 301 Mixed estuary Good in main branch
Blair 1976
10. Rotterdam Waterway/ 1/1783 WES tidal flume
1/178 1/147 10 32 Mixed estuary Dispersion coefficient dis­
torted by factor 




duplicate sets of observations in model and prototype, 
on the matter of the distribution of an introduced 
material.
Ward and Espey (1971) add that "inadequate verification 
of such releases prevents a thorough appraisal of the model's 
utility."
Harleman (1971) offers "a plea that the careful veri­
fication procedure used for the original purpose {such as 
study of navigation improvements} of the model be extended 
into the verification of flow phenomena {such as dispersion} 
which are uniquely associated with water quality problems."
It was in the spirit of these comments that the present 
research was undertaken.
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CHAPTER I V
MODEL DESIGN
The decision to investigate similitude of dispersion 
led next to the choice of which estuary was to be modeled. 
The available laboratory contained a shallow open tank 
54.1 by 28.7 by 2.5 ft (16.5 x 8.7 x 0.8 m) in which the 
model was to be constructed. WES practice limits minimum 
horizontal scale L_. to about 1/2000, which would permit 
modeling of an estuary no longer than about 18 nm (33 km) . 
The need to conserve man-hours and money (which was to 
color decisions throughout the project) dictated choice of 
a study area close to Old Dominion University. A relatively 
sheltered estuary was preferable to a wide body of water 
exposed to wind and sea; the former could be studied year 
'round from smaller, more readily available boats than the 
latter. These considerations led to the choice of the 
Lafayette River, a typical dendritic-shaped coastal plain 
estuary located in Norfolk, Virginia (figures 4-1 and 4-2).
Surprisingly little guidance on model design exists 
in recent literature. American Society of Civil Engineers 
(ASCE, 1942) and Allen (1947) are useful but somewhat out 
of date and biased towards movable bed models. They were 
written, moreover, before the adoption of vertical roughness 
strips and the rise of interest in dispersion models. Sev­
eral more recent works include chapters on similitude and
42
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principles of modeling but few details on construction; 
these include Ackers (1969), Henderson (1966), Dailey and 
Harleman (1966), Keulegan (1966), Simmons (1966), and 
Von Arx (1962). Some useful information on physical models 
plus a great deal on mathematical models appears in Ward 
and Espey 1971. WES is preparing a volume to be entitled 
Coastal Hydraulic Models; a draft of Chapter III, "Estuaries", 
which became available midway through the project, proved 
valuable. (It is cited herein as Herrmann 1974.) It is 
understood that ASCE plans to revise its 1942 manual; such 
a work is badly needed. From a study of these references, 
the following design criteria emerged.
1. Model depth must be great enough to permit measurement 
of profiles of velocity, salinity, and dye concentration 
with available instruments. The sensor of the available 
electromagnetic current meter, for example, is a cylinder
2 in high and 1 inch in diameter (5 x 2.5 cm). Model depth 
should be at least several times greater to prevent undue 
distortion of the flow field and to reveal variations of 
velocity with depth.
2. Model tidal range must be great enough to permit accurate 
measurement of the varying water level. Herrmann (1974) sets 
Yr = 1/100 as "the smallest scale with which it is possible 
to determine water surface elevation to within +0.1 ft (3 cm) 
prototype."
3. Minimum depth must be great enough that surface tension 
force, negligible with respect to gravity and inertia in the
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prototype, remains negligibly small in the model. Von Arx 
suggests a minimum of 0.4 in (1 cm) and Henderson, 1 in 
(2.5 cm).
4. Model depth must be great enough that flow remains 
turbulent throughout most of the tidal cycle; that is
umax ^ a x  umax ^max ■ReM = ---------  - ----------> Re (4-1)
v v
where Re' =; 1000 (Herrmann 1975) or = 1400 (Allen 1947).
5. Distortion must not be so great that similitude of 
velocity and salinity distribution is unattainable.
Standard practice at WES calls for a tenfold distortion. 
Herrmann (1974, 1975) suggests that when the model includes 
"well defined channels,"
r <_ 20 . (4-2)
Other model builders have reported useful results, however, 
with distortions as great as 40 for Rattray's model of the 
Puget Sound (Ward and Espey 1971, p. 262) and 37.5 for the 
Rhine Delta model at the Delft Hydraulic Laboratory (van 
Rees' et al. 1972). Allen (1947) considers a distortion 
of 40 quantitatively acceptable in movable bed models.
A rectangle enclosing the estuary and its branches 
measures about 4 by 2.5 nm (7.4 x 4.6 km) setting a maximum 
horizontal scale based on width ratios of 8.7 m/4.6 km £ 
1/500. The maximum depth of the estuary is about 24 ft 
(7.3 m). Laboratory floor loading (maximum permissible
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150 lb/ft2 (734 kg/m2)) limits model depth to about 24 in 
(61.0 cm). Thus the vertical scale
Y < 1/12 . (4-3)K, —“
Since average prototype depth at mean low water (MLW) is 
only 4 ft (1.2 m), it is important that the extensive 
shallow areas be modeled correctly. If one accepts, corre­
sponding to prototype depth of 1 ft (30.5 cm), an uncom­
fortably low model depth of 0.5 in (1.3 cm), the lower 
bound on vertical scale becomes
0.5 1




  < Y < --- . (4-5)
24 R 12
Minimum distortion demands maximum model length with the 
result already given that 
1
X - --  . (4-6)
R 500
Thus the feasible range of distortion T = Y /L , based onJK Ix
equations (4-5) and (4-6), is about
20.8 < T < 42 . (4-7)
The choice within this range was based on these factors:
1. Maximum distortion, by utilizing maximum available
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depth for the fixed bed model, would permit subsequent con­
version to a movable bed model of adequate depth by partially 
filling the model basin with sediment.
2. Maximum distortion would permit a more conservative 
minimum model depth.
3. Maximum distortion would yield greatest model depth and 
hence reduce difficulties with velocity measurement in 
shallow areas.
Despite concern at exceeding WES standards, the reported 
experience with the Puget Sound and Delta models suggested 
that higher distortion would prove acceptable. Allowing 
space inside the tank for sump and headbay reduced avail­





T = 45 . (4-10)
The model tank was marked with a rectangular grid corre­
sponding to 100 yd (91.4 m) prototype squares. The vertical 
scale of one inch to the foot was convenient in view of the 
decision to work in the English system, although the con­
tinual conversion of units in forming ratios demonstrated 
one advantage of metrication. Scale ratios and model para­
meters are summarized in table 4-1.
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TABLE 4-1
_____________________________________MODEL RATIOS AND PARAMETERS_____________________
Ratio Prototype Model
Parameter ______ _____________________________________________________________
Channel length lr 1/540 5.9 nm 11 kro 66.8 ft 20.4 m
Maximum width l r 1/540 2625 ft 800 m 4.9 ft 1.5 m
Maximum depth below MLW yr 1/12 19.5 ft 5.9 m 19.5 in 49.5 cm
Mean depth below MLW yr 1/12 4.0 f t 1.2 m 4.0 in 10.2 cm
Mean tidal range Ah yr 1/12 2.6 ft 0.8 m 2.6 in 6.6 cm
Maximum velocity ur=yr ,/2 1/3.46 1 ft/sec 30.5 cm/sec 0.3 ft/sec 8.8 eta/sec
Proude number = Umax (gh^) V4 1 1 0.040 0.040
Re = umean*1mean/v YR3/4 1/41.6 255,000 6,130
Manning's coefficient n 4.4 0.025 0.11
Tidal period T LRYR1/4 1/156 12.4 hr 4.78 min
Water volume at MLW lryr 1/3.50x10* 3.15xl0*ft* 8.89xl0*m* 90.0 ft* 2.55 m*
Water surface area (mean) A lr 1/2.92x10* 7.85x10’ft2 7.29xl0*m2 270 ft2 25.1 m2
Tidal prism P = AAh lryr 1/3.50x10* 2.04xl0*ft* 5.78xl0*m* 58.4 ft* r.65 m*
Qmean(White 1972) l ryr ^ 1/2.24x10" 31.6 ft*/sec 0.89 m*/sec 0.63gal/min 2.38 1/min
Estuary number “ P/QT 145 145
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WES practice in tide generation was followed by 
designing a system using pumped inflow/gravity outflow as 
shown schematically in figure 4-3. The actual arrangement 
is shown in figure 4-4. The pump is a Worthington Type CN 
capable of delivering over 600 gpm (2270 1/m). Sump volume 
is 187 ft3 (5.3 m 3); headbay area is 81.1 ft2 (7.5 m 2).
The tide controller was designed along the lines suggested 
by ASCE (1942, figure 10). A controllable-speed d.c. motor 
drives a cam at one revolution per tidal cycle (about 0.2 
rev/min). Cam radius is related to desired tidal height; 
a float measures the actual tidal height. A difference 
between actual and desired height generates an electrical 
signal to open or close the return valve (see figure 4-5 
and 4-6). A surplus 10 in (25.4 cm) electro-hydraulic valve 
(General Controls Hydramotor Type H3) was adapted for the 
latter; it turned out to respond so slowly that the tidal 
servo system operated only in the full flood or full ebb 
position or in the process of changing from one to the other. 
The desired proportional control could not be attained, and 
exact reproduction of prototype tide curves was not possible. 
As discussed in Chapters VIII-XI, however, matching the 
prototype tidal range, period, and general shape provided 
sufficient accuracy. Fresh water supply was from a constant 
head tank (a surplus 50 gallon coffee urn) through tubing 
and pinchcocks to the heads of selected tributaries.
In distorted models, roughness is greater than that of
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the prototype, in this case by the large ratio
nR = = 4.4 . (4-11)
It was decided to employ surface roughness in shallow model 
areas (less than 2 ft (0.6 m) prototype depth at MLW) and 
to insert roughness elements in deep areas. An unpublished 
procedure developed at WES for the Chesapeake Bay model 
(Multer 1974) was generously made available for roughness 
element design. It computes the total drag needed to pro­
duce similitude of boundary shear stress, deducts that 
achievable from model bed, and determines the area of 
roughness strips needed to supply the remaining deficit. 
Alternate designs considered strips, rods, and screens 
before settling on vertical strips 1.5 in (3.8 cm) wide 
extending from bottom to surface and set perpendicular 
to the mean velocity. The WES approach yielded the fol­
lowing number of strips per 6.7 in (16.9 cm) grid square as 
a function of prototype water depth at MLW:
Depth at MLW ft 2 3 4-6 7
m 0.6 0.9 1.2-1.8 2.1
Number of strips 4 3 2 1
It was decided to cement the strips to the completed model 
bed rather than to insert them before mortaring. The 
latter procedure, according to WES, may permit leakage if 
strips penetrate the underside of the mortar layer.
Design of the instrumentation system was strongly
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influenced by the availability of equipment on loan from 
other schools within the University and from outside 
organizations. Table 4-2 lists the parameters measured and 
the equipment used. Figure 4-7 shows schematically the 
capacitance gage for measuring water level at the model 
boundary during fresh water operation. A capacitance sensor 
will not operate in salt water, and was replaced by a float- 
operated rheostat removed from a junked automobile fuel tank. 
Figure 4-8 depicts both sensors. Neither the capacitance 
nor the float/resistance sensor was accurate enough for 
precise measurements (which were made by point/hook gages), 
but their recorder output was invaluable for preliminary 
adjustment and for monitoring. Electrical and mechanical 
tidal cycle counters (figure 4-9) were included to assist 
in data taking. Figure 4-10 shows the tide recorder and 
other instruments.
Design work began in March 1975. It was substantially 
finished by July 1975 except for the tide controller. This 
was designed after building the model bed and was continually 
modified until October 1975 when adjustment was satisfactorily 
completed.





Water level, dynamic Point/hook gage 
Capacitance gage 
Float-operated rheostat
Linear recorder (Bausch & tomb Type VOM 10)
Digital multimeter (Fluke model 8000 A)
Water level, static Sight glasses
Current velocity Electromagnetic current meter (Marsh McBinney Model 201)
Saiinity Retractive salinometer (Endeco Type 102)
'Dye concentration Fluoro-microphotometer (Aminco Cat. No. 7102)
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CHAPTER V 
MODEL CONSTRUCTION
Model design was based largely upon Coast and Geodetic 
Survey (CGS) charts 400 and 452 (scale 1:20,000). Before 
actual construction could begin, bathymetry had to be 
established in greater detail. This was accomplished by 
surveys of the estuary in May and June 1974. Sounding 
lines were run in the field using an echo sounder in deep 
water and a sounding staff in the shallows. Depths were 
corrected to MLW by use of a CGS portable automatic re­
cording tide gage levelled to the 1929 mean sea level 
datum. The corrected depths were plotted on a 1:5000 scale 
chart and bottom contour lines drawn. Following ASCE (1942) 
guidelines, 151 cross section template locations were 
established at intervals of 0.5 - 2 ft (0.2 - 0.6 m) along 
the channel axis. Cross sections of the estuary extending 
6 ft (1.8 m) above prototype MLW were constructed from the 
charted contours, transferred to 3/8 in (1 cm) exterior 
plywood framing, and cut out with saber or band saw. In 
the meanwhile, beginning in July, the area to be occupied 
by the model bed was enclosed within the tank. Where 
channel depth permitted, a subfloor was built above the 
tank bottom so that less fill would be needed and safe 
floor loading maintained (figure 5-1). Using the 100 yd 
(91.4 m) square grid, templates were then mounted in their
52
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correct horizontal positions (figure 5-2). Correct vertical 
position was maintained with respect to a MLW benchmark 
established on the west tank wall at grid 39.9 at a height 
of 1.875 feet (0.572 m) above the tank bottom (later raised 
0.25 in (0.6 cm).
The enclosed volume was then partially filled with 
18 short tons (16.3 metric tons) of solite, a light-weight 
aggregate of expanded shale. Particles were poorly sorted 
with a maximum size of 3/8 in (1 cm). Although more expen­
sive than sand or gravel, solite is lighter, with bulk 
density about 60 lb/ft3 (0.96 g/cm3). A low angle of 
repose, however, makes it unsuitable for modeling steep 
slopes. The river bed was therefore shaped flush with the 
templates by covering the solite with a layer of mixed sand 
(80%) and clay (20%) (figure 5-3). By January 1975 the 
model bed was ready for its final layer of cement mortar 
1/2 in (1.3 cm) thick. Shallow areas were roughened by a 
mason's float. The cement work was the only job done by 
outside labor and constituted the greatest single cost item 
of the project.
The headbay and sump were formed by enclosing the 
downstream end of the tank with an angle iron and plywood 
bulkhead shored against water pressure. The return valve 
was mounted in the vertical wall separating sump and head­
bay (figure 5-4). Using 6 in (15.2 cm) PVC pipe, the 
centrifugal pump suction was run to the sump. A 6 in 
(15.2 cm) PVC discharge was run, by way of a throttling
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valve, to a diffuser in the headbay. A hand operated 
priming pump was installed to permit the centrifugal pump 
to take suction on the sump (figure 5-5).
The model bed and the bulkheads were painted with 
waterproof paint and in March the model was filled (figure
5-6). Leaks along the sump bulkhead required extensive 
caulking but were finally brought under control. No 
leakage problems occurred in the model proper. The water 
was then drained and over 700 roughness strips installed.
The strips were cut from 0.012 in (0.3 mm) aluminum flashing 
and fastened to the bottom using various adhesives (Pheno- 
seal adhesive caulking, contact cement, and thermosetting 
glue). About 10% of the strips eventually became detached 
and had to be refastened.
Except for the tide controller and minor refinements 
in design and construction which became apparent as adjust­
ment progressed, the model was complete in May (figure 5-7). 
The summer of 1975 was largely spent collecting field data 
needed for model verification as described in subsequent 
chapters.
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CHAPTER VI
HYDRAULIC SURVEY IN PROTOTYPE
The calculated distribution of model roughness elements 
is intended to reproduce prototype temporal and spatial 
fields of tidal elevation and current. In the reported 
experience of several model builders, however, the roughness 
as initially installed yields at best an approximation 
of nature (WES 1974, Pritchard in Ward and Espey 1971).
One must consequently compare the model fields with the 
prototype and iteratively adjust roughness until acceptable 
agreement is reached. It is the purpose of the tidal 
hydraulic survey to measure the prototype data and thus 
provide the standard values against which to make these 
comparisons.
Ideally, each comparison would match a set of obser­
vations taken synoptically over the entire prototype 
against a similar set for the model. The set should span 
at least one cycle of the dominant tidal frequency com­
ponent. In practice, however, it is impossible to measure 
everything everywhere simultaneously either in model or 
in prototype. Compromise is unavoidable, and the fewer 
the resources in boats, instruments, and personnel the 
more drastic must be the compromise. One feasible solution 
is to select a representative number of stations close 
enough together to permit a boat to visit them in turn at 
acceptable intervals. By interpolation one can than obtain 
a quasi-synoptic data field.
55
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The Lafayette River tides are semidiurnal. If
M 2 + S2 (6-1)
where the amplitudes of the tidal constituents are
= luni-solar diurnal, 0 X = principal lunar diurnal,
M = principal lunar semidiurnal, and S2 = principal 
solar semidiurnal, one finds that R<0.25 whether one uses 
CGS data for Hampton Roads or data from White (1972) for 
the river proper. Thus the tidal period is about 12.4 
hours, and a 13 hour survey should be adequate with a 
revisit time of about one hour. With a maximum of two 
boats available it was clear that they could not cover 
enough stations every hour to survey the entire river 
during a single 13 hour period. An alternative concept 
was a survey of half the river during one tidal cycle 
followed as soon as possible by a survey of the other half. 
Such a procedure is suggested, under similar constraints, 
by Herrmann (1974).
If fields of tidal elevation and currents should 
happen to be identical on both days throughout the entire 
river, a split survey would be exactly as useful as a 
single survey. Such a condition would exist, however, only 
in the unlikely situation that the resultants of all tide- 
producing forces were the same on the second day as on 
the first. Since these forces involve the position of sun 
and moon, velocity and direction of wind, rainfall, runoff,
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and salinity distribution, some changes are inevitable.
With luck, one might encounter negligibly weak winds, a
lack of rainfall, and substantially identical salinity
distribution. Tidal range and duration of rise and fall
change inexorably, however, and it becomes necessary to
cope with these changes.
Herrmann (1974) suggests that for a particular
estuary a functional relationship may be found to exist
between tidal range and maximum current velocity; knowing
this one can compensate for changes in tidal range during
segments of a split survey. For a rectangular channel,
for example, Ippen (1966, eqn. 10.49) shows under reasonable
assumptions that varies linearly with tidal range.
Figure 6-1 shows such a relationship found by WES in the
Gastineau Channel at Juneau, Alaska. Figure 6-2 shows a
similar relationship found to exist at three points in the
Lafayette. In the study area, u = f (h) where h is tidalmax
height; furthermore the relationship can be taken to be 
linear over ranges from 1.9 to 3.5 ft (0.58-1.07 m). On 
this basis, a split survey became feasible with the lower 
reaches of the river covered during one LW-HW-LW cycle and 
the upper reaches on the cycle beginning 12 hours later. 
Provided that wind, rain, and salinity conditions were 
similar, current velocities could then be normalized 
according to the linear relationship of figure 6-2.
WES policy is to make two surveys of estuaries "which 
have very extensive area of marshes," one during neap tide
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and one during spring tide. These reveal differences in 
hydraulic behavior resulting from the increase in surface 
area and change in bottom roughness and porosity when the 
wetlands are inundated by the higher high waters. The 
Lafayette River, flowing as it does through a developed 
area, is largely bulkheaded. The marsh area above MHW, 
flooded at MHHW, is only about 150 acres (0.60 km2) or 
9% of the total water surface area of 1650 acres (6.68 km2). 
Furthermore, the slopes of the graphs in figure 6-2 show 
no significant change at higher ranges. Hence, a second 
survey would not be required to account for the effect of 
wetland inundation. To obtain a representative standard 
for comparison, however, two surveys were conducted and 
their results averaged to compensate for deviations caused 
by turbulence, wind, and other uncontrolled and possibly 
unrecognized variables.
Dates chosen for the surveys should have symmetrical 
tide curves, since the model was to be run using nonchanging 
tidal amplitude and period for successive cycles, according 
to WES practice (Herrmann 1974). Thus it was desirable to 
obtain data with tidal rise equal as nearly as possible to 
tidal fall. Even though duplicate neap and spring surveys 
in the Lafayette were unnecessary, as discussed in the pre- 
ceeding paragraph, one survey spanned a low range and a 
second a high range. Table 6-1 shows the dates of the 
surveys together with NOS predictions and actual observations 
of times and heights of tides at the river mouth. The
%
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desired symmetry was approximately obtained.
Table 6-2 and figure 6-3 show the stations sampled 
during the 9-10 July survey following WES practice of 
sampling points every 10-20% of estuary length (Herrmann 
1974). Station 1 was of particular importance because of 
its location at the model boundary; the model tide generator 
was subsequently controlled to reproduce the (scaled) mean 
observed tide at that location. Other stations were 
located to reveal cross channel variations as well as 
conditions in the upstream branches. Tide heights were 
recorded continuously by Bristol bubbler-type gages at 
stations 1 and 12 and by a CGS portable automatic float- 
type tide gage at station 6. Graduated staffs were 
installed at other tide stations. All were levelled 
against geodedic benchmarks to allow reduction to a common 
reference plane, the CGS 1929 sea level datum. Currents 
were measured with Endeco Type 160 propellor-type and 
Kahlsico pygmy Price-type meters.
The 23-24 July survey covered the stations listed in 
table 6-2. Experience during the earlier survey suggested 
that a smaller number of stations sampled by one rather 
than two boats would produce enough data, probably of 
higher quality. The survey plan was adjusted accordingly, 
using a Marsh McBirney Model 201 electromagnetic current 
meter to supplement the Endeco and Price instruments. 
Unfortunately, a lack of facilities prevented simultaneous 
laboratory calibration of all meters, but cross checks in
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TABLE 6-2
DATA COLLECTION PLAN FOR TIDAL HYDRAULIC SURVEY
Station Distance Depth at Data taken
from mouth MLW 9 July 10 July 23 July 24 July
Main Channel
1 Faculty Club pier 0.0 nm 0.0 km 1 ft 0.3 m TG TG TG TG
2A Vicinity Beacon 7, - 1.0 1.9 5 1.6 CS CS
right bank
2B do., mid channel 1.0 1.9 9. 3.0 CP CP2C do., left bank 1.0 1.9 2 .7 CS CS
3 Edgewater Haven 1.9 3.5 1 .3 TS » TS
4A Vicinity Beacon 16, 2.2 4.1 12 3.9 CS CS
right bank
4B do., mid channel 2.2 4.1 12 3.9 CP CP4C do., left bank 2.2 4.1 4 1.3 CS CS
5A Between Beacons 20 and 22, 2.7 5.0 5 1.6 CS CS
right bank
5B do., mid channel 2.7 5.0 7 2.3 CP CP
5C do., left bank 2.7 5.0 6 2.0 CS CS
6 Larchmont Creek 3.2 5.9 1 .3 TG TG TG TG
7A Granby Street Bridge, 3.6 6.7 2 . 1 CS CSright bank
7B do., mid channel 3.6 6.7 12 3.9 CP CP7C do., left bank 3.6 6.7 4 1.3 CS CS
CTl









23 July 24 July
South Branch, Mid Channel -
11 Off mouth Shores Creek 4.0 7.4 2 .7 CS12 Zoo Point « 4.4 8.2 : 1 .3 TG TG,CS TG TG,CS13 Lafayette Boulevard Bridge 4.6 8.5 2 .7 CS14 Tidewater Drive Bridge 5.0 9.3 0.5 .2 CS
North Branch, Mid Channel
21 South.Marsh Island 4.4 8.2 10 3.3 CS,CP TS,CP22 North Marsh Island 4.7 8.7 1.5 .5 CS24 Wayne Creek, aboveCharters Island 5.1 9.5 2 .7 CS25 Tidewater Drive Bridge,Wayne Creek 5.4 10.0 2 .7 TS,CS
Key to Data Taken: CP Vertical current profile TG Recording tide gage
CS Suface current TS Tide Staff
cs\fO
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the field showed that they generally differed by less than 
20% when measuring the same current. Although admittedly 
desirable, closer agreement was unlikely since velocity 
fluctuated rapidly (see below), the sensors ranged in size 
from about 1 to 10 in (2.5-25 cm), and the integrating times 
varied from instrument to instrument.
The results of the tidal hydraulic survey, supplemented 
by selected data from CGS/NOS sources and White 1972 appear 
in figures 6-4 through 6-8 and tables 6-3 and 6-4. Figure 
6-4 shows the longitudinal variation in mean tidal range in 
terms of the ratio of mean range at an upriver station to 
mean range at the mouth. For comparison, figure 6-5 shows 
the same parameter for two similar coastal plain estuaries, 
the Pamunkey River and the south branch of the Elizabeth.
The latter's behavior resembles that of the main and south 
branches of the Lafayette while that of the Pamunkey 
resembles the behavior of the north branch of the Lafayette 
and Wayne Creek. Inflection points in the curves are 
caused by changes in geometry of the estuary and by bottom 
friction. Convergence tends to increase the range? reflec­
tion from the sides and dissipation by boundary friction 
reduce the wave's energy and thus decrease the range 
(Harleman 1966, p. 524). As the relative dominance of these 
factors change, so does their resultant and with it the 
trend of tidal range.
Table 6-3 column 1 shows the mean durations of tidal 
period, flood tide, and ebb tide during the survey.
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TABLE 6-3
MEAN DURATION OF TIDAL PERIOD, FLOOD TIDE, AND EBB TIDE AT RIVER MOUTH
Tidal hydraulic Dye release Haight et al.,
survey, experiment, 1930
July 19 75 August 1975
Duration T'/T Duration T'/T Duration T'/T 
(hrs) (hrs) (hrs)
(1) (2) (3) (4) (5) (6)
Flood Tf 5.75 0.47 5.87 0.47 5.83 0.48
Ebb 6.39 0.53 6.54 0.53 6.38 0.52
Total Period T 12.14 _ 12.41 — 12.21 _
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Column 2 gives the ratio of the flood and of ebb durations 
to total period. Columns 3 and 4 show similar data for the 
dye experiment (18-24 August); columns 5 and 6 are taken 
from Haight et al. (1930). The durations vary slightly 
(up to 0.27 hours) but their ratios are almost constant in 
all three cases.
Figure 6-6 shows the difference between time of high 
water at the mouth and time of high water at various points 
upstream. White (1972) judged, on the basis of phase 
difference between tide and current, that the tide in the 
Lafayette is a standing wave. In such a case one would 
expect high water to occur simultaneously at all points in 
the river rather than progressively later upstream. White 
was unable, however, to measure "time differences of high 
and low water between gages . . . because of the slack in 
the gears of the tide gages." Hence he was unable to apply 
this criterion for a standing wave. The possibility of an 
intermediate situation between pure standing and pure pro­
gressive wave (a cooscillating tide) must also be considered, 
then, especially since this is typical of Chesapeake estuaries 
(Hicks 1964).
The dashed line in figure 6-6 shows the computed arrival 
time of a frictionless progressive wave at Granby Street 
(kilometer 6.7) and at Zoo Point (kilometer 8). The mea­
sured travel time in these reaches is shown by a solid line. 
For comparison, the tidal wave travel in a reach of similar 
depth in the upper Pamunkey River, as found by Haight et al.
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(1930), is shown by a dash-dot line. Harleman (1966, 
p. 525) states that, in a cooscillating tide, the wave 
travels somewhat faster than a pure progressive wave.
Figure 6-6 shows this to be the case in the Lafayette.
The data points for the 1975 survey represent means of 
widely scattered samples (probably because of the slack 
noted by White and because of the flatness of the recorder 
curves near slack water.) Nevertheless, assuming normal 
error distribution, the 90% confidence interval for the 
data at Zoo Point indicates that there is an acceleration 
in the arrival of high water. The survey, furthermore, 
is in good agreement with the NOS data at Granby Street. 
Hence once can conclude that the intermediate situation 
does exist in the Lafayette.
Figure 6-7 shows the longitudinal variation in 
absolute elevation of mean high water and low water as 
observed in the Lafayette survey together with similar 
mean data from Haight (1930) for the nearby Nansemond River. 
In both estuaries the high tide curve slopes generally down 
toward the mouth and the low tide curve generally up.
These slopes can be expected in a cooscillating tide in 
which convergence causes range to increase upstream and a 
small fresh water flow produces only a very gentle slope 
in the mean water surface.
Current velocities at strength of flood and strength 
of ebb appear in table 6-4 and in figure 6-8. These are




MEAN STRENGTH OF FLOOD AND MEAN STRENGTH OF EBB, NORMALIZED 
TO A MEAN TIDE RANGE OF 2.6 FEET AT BOUNDARY. DIRECTIONS 
GENERALLY PARALLEL TO CHANNEL AXIS.
Station Velocity
Ebb Flood
2As 0.41 ft/sec 0.13 m/sec 0.62 ft/sec 0.20
2Bs .47 .15 .81 .27
2Bm .41 .13 .81 .27
2Bd .39 .13 .67 .22
2Cs .49 .16 1.15 .38
4 As .52 .17 .70 .23
4Bs .64 .21 .69 .23
4Bm .55 .18 .69 .23
4Bd .46 .15 .62 .20
4Cs .44 .14 . 66 .22
5 As .17 .06 .87 .29
5Bs .52 .17 .67 .22
5Bd .48 .16 .62 .20
5Cs .67 .22 .53 .17
7 As .40 .13 .34 .11
7Bs .47 .15 .50 .16
7Bm .47 .15 .46 .15
7Bd .27 .09 .39 .13
7Cs .33 .10 .21 .07
llBs .52 .17 .21 .07
12BS .52 .17 .37 .11
13Bs - - .43 .14
14Bs - - .46 .15
2IB mean .71 .23 .77 .25
22Bs .48 .15 .62 .20
24Bs .59 .19 .59 .19
25Bs 0.75 0.25 0.92 0.30
A right bank s surface
B mid channel m mid depth
C left bank d deep, near bottom
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the means of observed values for the two surveys after 
normalization as described earlier in this chapter to 
correspond to the mean tidal range at the mouth of the 
river (2.6 ft, 0.79 m). Values from the second survey 
differed in some cases from those observed in the first, 
typically up to about 25%. Part of the variation probably 
existed because measurements were not continuous and con­
sequently missed the actual maxima. The flow is highly 
turbulent (typical Reynolds number 2 x 10s) and inter­
polation between values separated in time by about an hour 
cannot be expected to be accurate. Figure 6-9, for example, 
shows a set of nearly continuous measurements by pygmy Price 
meter of current velocity at Beacon 22. Each point repre­
sents a one minute integration. Readings taken even as 
frequently as every quarter hour beginning at 1215 would 
have yielded a maximum of 0.42 ft/sec (0.13 m/sec) rather 
than 0.55 ft/sec (0.17 m/sec) as was in fact observed. 
Continuous readings at all 20 stations would, of course, 
have prevented such an error, but the cost of recording- 
type meters, typically about $3500, made such an approach 
impossible. The maximum observed current (1.15 ft/sec,
0.35 m/sec at Station 2C) is nearly the same as that found 
by the Corps of Engineers (1.1 ft/sec, 0.33 m/sec) at the 
river mouth in 1932 (White 1971, p. 2).
Wind was another observed but uncontrolled variable 
affecting the currents, especially near the surface.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
69
Fortunately the velocity did not exceed 12 knots and usually 
was less. In a few cases this data permitted small (no more 
than 0.1 ft/sec, 0.03 m/sec) corrections to the measured 
surface current velocity. Rainfall and hence runoff into 
the estuary were low both before and during both surveys.
The only precipitation was 0.57 in (1.44 cm) during the 
night of 9-10 July. Consequently, variations in fresh water 
flow are unlikely to have caused the observed current 
variations. Salinity distribution was similar on all four 
days involved (figure 6 - 10), although somewhat more saline 
before the second survey as a result of dry weather with 
reduced runoff and increased evaporation. In any case, 
the magnitude of currents caused by the gravity-driven two- 
layer circulation is small compared to that of the tidal 
current (.White 1972 observed a dry weather maximum net non- 
tidal velocity of .05 ft/sec, 0.0015 m/sec). Thus a small 
change in a small component of the current, due to small 
changes in salinity distribution, is unlikely to be the 
reason for observed variations in current magnitudes. The 
best available standard value of current against which to 
adjust the model was hence a simple mean of the normalized 
values for the two surveys, as given in table 6-4. Direction 
was only known as generally parallel to channel axis since 
many of the measurements were of necessity made with Price- 
type meters which are insensitive to current directions.
The values of table 6-4 are hereafter termed the "standard"
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prototype currents.
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CHAPTER VII
PROTOTYPE SALINITY AND DISCHARGE
Four classes of estuaries are recognized by Bowden 
(1967) and Pritchard (1967). Based upon the relationship 
between tidal currents and river flow, their scheme 
associates with each class an order of magnitude of estuary 
number N£ = PT/QT where PT denotes tidal prism, Q discharge 
and T tidal period. The classes are:
1. Salt wedge (N - 1).Ij
2. Two layer flow with entrainment from breaking internal
waves (N = 10).E
3. Two layer flow with vertical turbulent mixing (N_  ̂ 100).
4. Vertical homogeneity, with or without transverse salinity 
gradient (NE = 1000).
Classes 2 and 3 are termed "partially mixed". Class 4, in 
Pritchard's opinion, does not exist in nature but is a use­
ful theoretical limit. He considers that "any naturally 
occurring estuary studied with sufficient care will show at 
least slight salinity gradients on the average".
Extensive studies of the salinity field in the Lafayette 
River reveal a low mean salinity gradient in the main branch 
below the fork at Granby Street (figure 7-1). Above the 
fork, where depth decreases sharply, the gradient steepens 
and the water becomes fresh in the shallow, narrow head­
waters about 5.9 nm (11 km) from the mouth. Variations from
71
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the temporal mean occur in very wet and very dry weather; 
salinities as low as 6°/oo and as high as 25°/oo have been 
recorded at the mouth during the period June 1971 - August 
1975. The low occurred after the heavy rains of hurricane 
Agnes produced an atypical situation. Flooding in the 
James and Elizabeth River watersheds lowered the salinity 
in both below that of the Lafayette with its smaller water­
shed and lighter rainfall. The longitudinal salinity 
profile in the latter rose from 6°/oo at the mouth to a 
maximum slightly upstream of the forks before dropping again 
to fresh water at the head. A monotonic fall in salinity 
from mouth to headwaters, however, occurs most frequently, 
and 78% of a set of 23 salinities at the mouth fell within 
the range ll°/oo - 20°/oo straddling the mean of 15.6°/oo.
Vertically the Lafayette's waters almost invariably 
display a slight salinity gradient. An average of 15 sets 
of data at the mouth showed a 4% increase in salinity from 
surface to bottom. Typically there is also a small trans­
verse gradient. Measurements at Hampton Boulevard showed 
an average difference of 2% between channel salinity and 
that near the bank. Neither the magnitude nor the sign 
of the gradient, however, appears to be correlated with 
current direction, wind, or Coriolis parameter.
The watershed of the Lafayette is small, 16.71 mi2 
(43.3 km2) according to Seitz 1971. The ratio of drainage 
area to length is about 2.8 as compared to 32 for the 
Delaware River, 62 for the Susquehanna, and 320 for the
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Mississippi. Little ground water enters the estuary. The 
result is a low fresh water discharge. Much of the drainage 
basin is residential or paved and runoff is rapid. Dis­
charge therefore peaks soon after a heavy rain begins and 
falls relatively quickly from the peak. There are no 
stream gages in the river, and direct quantitative measure­
ments are not possible. White (1972) has estimated mean 
river discharge from average montly rainfall. His approach 
yields the figure of 31.6 ft3/sec (0.89 m 3/sec) quoted in 
table 5-1. After a heavy storm the same line of reasoning 
(based on hurricane Cleo in 1964) yields a discharge of 
2500 ft3/sec (70.8 m 3/sec). An estimate of flow during dry 
periods can be obtained from the model discharge during 
salinity adjustment. As discussed in Chapter VIII below, 
when model fresh water discharge was adjusted to match the 
salinity distribution measured during prototype dye release, 
the value of QM was 0.103 gal/min (0.390 1/min). Thus
Qp = Qm Qr = 5.1 ft3/sec (0.14 m 3/sec) . (7-1)
The release was made during a dry spell in August 1975 when 
fresh water flow was observed at only a few points near the 
head of several tributaries.
Estuary numbers based on storm, normal, and low flow, 
as estimated above, are respectively 2, 145, and 896. Thus 
the Lafayette is normally a partially mixed estuary, with 
entrainment occurring during occasional storm runoff periods 
and turbulent mixing dominant at other times. As discharge
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decreases, the knee of the longitudinal profile moves 
upstream but a vertical gradient continues to exist. The 
estuary approaches Class 4 but does not reach that limit. 
The condition actually existing during prototype dye re­
lease is discussed in Chapter VIII.
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CHAPTER VIII
MODEL ADJUSTMENT
Model adjustment is synonymous with model verifica­
tion. Harleman (1971) explains its purpose as follows:
Model verification is a process by which a hydraulic 
model is tested to determine its ability to repro­
duce certain phenomena which have been observed in 
the prototype. Whenever possible the model is 
adjusted by trial until reasonable agreement with 
field observations is obtained. The need for 
verification is due to the fact that the only pre­
cise scale ratios for a distorted model are those 
for velocity/ discharge, and time. Flow processes 
involving mixing, diffusion, and dispersion are 
influenced by the geometric distortion of the cross 
section and its effect on velocity distributions, 
the low Reynolds number of the model in comparison 
with the prototype, and the arbitrary form and 
distribution of model roughness and mixing elements.
The validity of model observations is strongly 
dependent on there being a close relationship be­
tween the phenomena observed in the model and the 
prototype phenomenon used in the verification pro­
cess. For example, because of the marked difference 
in the mechanism of dispersion in salinity gradient 
regions and in uniform density tidal regions, the 
verification of salinity distributions in the model 
is no guarantee that dispersion in the uniform 
density region is correctly reproduced in the model.
The near constant salinity region of the lower Lafayette 
model, therefore, required special attention to determine 
the existence or absence of similitude in dispersion.
Pritchard, in his discussion of Harleman (1971, p. 258)
summarizes the general approach to adjustment:
If you have a number of tidal observations so that you 
know the phase and amplitude of the tide at a large 
number of places . . . you use these in verifying the 
model or adjusting the model {roughness strips} so 
that you get the right tidal height, the right tidal
75
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phases throughout the system. Then the next step is 
to look at observations of velocities in the field 
and in the model . . . The general tendency is to 
now redistribute the roughness elements locally with­
out changing the total amount of roughness, that is, 
the total energy loss, to reproduce the currents . . . 
This is all done with fresh water in the model, not 
trying to simulate the vertical shears due to the 
density difference at that stage, but primarily the 
lateral and longitudinal distribution of the verti­
cally averaged current. Once the model adjuster 
says "This is as far as I can go. I'm tired", then 
he puts seawater in the ocean sump, and lets river 
water come in at the proper rate, and looks at what 
the salinity distribution is. My experience has 
been that at that stage there is very little further 
adjustment to the model. The model does behave 
correctly salinity-wise . . . without special adjust­
ment for salinity.
The third step, dispersion verification, "is not 
normally accomplished because field dye dispersion data 
are usually not available" (Herrmann 1974). This recog­
nized need for verification of dispersion, also cited at 
the end of Chapter III above, was the motivation of the 
Lafayette model project.
Verification of the Lafayette model followed the 
routine described by Pritchard. After installation of 
roughness strips, the tide controller was connected and 
on August 1, 1975, fresh water adjustment began. As 
already mentioned, performance of the tide producing servo 
system was hindered by slow response of the return valve 
hydramotor. Tuning the system involved adjustment of 12 
different parameters, all interrelated, including supply 
pump throttling valve setting, water level in sump, return 
valve travel, mercury switch tilt, distance from controller 
floats to switch arm, and cam shape. Tuning was tedious
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but once completed, repeatability was good. For example, 
boundary tidal range varied only 3% during over a typical 
run spanning 5 tidal cycles. Figure 8-1 shows prototype 
and model tidal records at stations 1, 6 and 12 (station 
numbers referred to in Chapter VIII are depicted in figure
6-3). Although a pure sine wave was unattainable in the 
model, it was possible to match prototype range, duration
of flood, and duration of ebb. These parameters were
kept in proper adjustment throughout the verification 
process.
With the controller set to reproduce mean prototype 
tidal range 2.6 ft (79 cm) at the boundary (Station 1), 
roughness elements were adjusted to obtain proper tidal 
range and phase throughout the estuary. (At the vertical 
scale Yr  = 1/12, model tide range at Station 1 became 2.6 
in (6.6 cm).) In general, more roughness was necessary
and was obtained by bending the roughness strips into a U
or V shape to increase the wetted area (figure 8-2).
Screens were added across the channel at 3 locations in 
the lower reaches, and a system of screens and baffles 
installed in the headbay to obtain proper flow at the lower 
boundary of the model. Next, tidal currents were surveyed 
and compared to those previously measured in the prototype. 
Accurate measurement of low current velocities (0.5 ft/sec, 
15 cm/sec) in narrow and/or shallow channels is difficult. 
Few instruments have been developed for this application, 
and the ideal meters were not available. Ackers (1969)
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describes propeller-type meters as small as 0.15 in (0.4 cm) 
diameter used in some British and Dutch laboratories, but 
efforts to obtain additional information were fruitless.
In any case, time and money limitations would have pre­
vented obtaining this type of meter. Old Dominion Univer­
sity had procured two of the smallest available U.S. meters 
of the Price design. These consist of 6 conical cups 
mounted around a vertical axis to produce a rotor 1.9 inches 
in diameter and 0.8 in high (4.8 cm by 2.0 cm). Although 
useful in the field, the rotors would not turn at speeds 
below about 0.2 ft/sec (6 cm/sec) and hence were useless 
in the model. The tethered sphere concept of velocity 
measurement (Stefan and Scheibe, 1968) was considered, but 
in the end a Marsh McBirney model 201 electromagnetic current 
meter was purchased, calibrated in a flume, and then used 
quite satisfactorily. The sensor, a 1 inch diameter 
cylinder, 2 in high (2.5 x 5.1 cm) as shown in figure 8-3, 
could be mounted by a system of rods and beams in almost 
any location in the channel (figure 8-4). The 0 - 2 . 5  ft/sec 
scale allowed readings with a precision of 0.01 ft/sec (0.3 
cm/sec). Using the Marsh McBirney meter, roughness elements 
were adjusted to obtain similitude with prototype velocity 
distribution. Rather than attempting to duplicate the 
erratic temporal fluctuations measured in the prototype 
(.typified by figure 6-9), maximum currents were brought 
into agreement.
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The rationale of adjustment is as follows. With a 
fixed tidal boundary condition, addition of roughness 
elements increases energy dissipation through friction 
thereby reducing kinetic and potential energy. Thus cur­
rent velocity, tidal wave celerity, and tidal range are 
reduced. The effects extend upstream of the added elements 
on the flood tide and downstream on the ebb. Conversely, 
removal of roughness elements increases velocity, celerity, 
and range of tide. Adjustments to any of the three tidal 
parameters at one station also change the other parameters 
at that station as well as all parameters at stations both 
up and downstream. Adjustment becomes a series of itera­
tions seeking the best overall fit of velocity, celerity, 
and range.
Harleman (1971) explains that
Verification is a painstaking and time consuming pro­
cess which may require a period of one or more years 
in a major estuary model . . . Very little general 
information has been published on verification tech­
niques. They are highly dependent on the experience 
of the model operator and it is difficult to formulate 
general rules.
As an example of "better verifications", he cites the 
adjustment of the Delaware Estuary model at Station 15-F, 
where (scaled) model current differed from prototype cur­
rent by about 15% on the average and at worst by about 30%. 
He considers adjustment at Station 4B as "representative of 
the poorer variations"; here maximum error is about 50% and 
average error about 25%.
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Figures 8-5 through 8-9 show the final adjustment of 
tidal hydraulics in the Lafayette model attained after 3 
months work. Model-prototype agreement can be summarized 
as follows: Velocities are good except at Granby Street
bridge (mile .3.6, kilometer 6.7) where the model is too 
high and in the lower north branch where the model is too 
low. Tide heights are good except that the model range 
is too low in both branches above Granby Street. Tide 
phase is generally good. All roughness strips were removed 
in the south and lower north branches to raise the currents 
to their existing values. Removal of strips below Granby 
Street would have further improved agreement in the upper 
branches but at the cost of increased discrepancy at the 
bridge. A compromise was therefore necessary, accepting 
small errors in opposite directions.
The lack of agreement can be accounted for qualita­
tively in terms of the exaggerated contraction of the model 
estuary at the head of the main branch. In the prototype, 
estuary width drops from about 360 yd (328 m) to about 
150 yd (137 m) in the reach 1000 yd (914 m) downstream of 
the bridge. Depth remains constant at about 19 ft (5.8 m). 
In the model, width decreases from about 2.0 ft to 0.8 ft 
(61 to 25 cm) with depth constant at 1.6 ft (48 cm). In 
the prototype the ratio of width to depth thus decreases 
from 57 downstream to 24 at the bridge; in the model the 
ratios are 1.3 and 0.5 respectively. Distortion changes
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a wide shallow channel into a fjord-like cross section.
In the former, drag is produced chiefly by the river bottom 
with negligible contribution from the banks. In the latter, 
bank friction is comparable to bed friction and the area of 
drag-free, near-uniform flow is a much smaller fraction of 
the total cross section than in the prototype. Mid-channel 
velocity in this drag-free area must therefore be propor­
tionally greater in model than in prototype —  exactly the 
situation at the Granby Street bridge. A different pheno­
menon explains the low velocities and tide range upstream 
of the bridge. Here the sudden widening of the channel 
causes a jet-like flow in which turbulent energy increases 
at the expense of the energy of the mean flow. In the 
model, the narrows at the bridge plus the vertical roughness 
strips (which occupy an appreciable fraction of channel 
width) cause a highly turbulent flow above the bridge with 
excessive transfer of energy from mean flow to turbulence.
A possible solution to these discrepancies would be 
to widen the channel at the bridge, accepting transverse 
geometric distortion in return for better velocity adjustment. 
The possibility was rejected, however, because of the good 
verification in the main branch containing 80% of the 
estuary volume. Dispersion "scale effects" (a modelmaker's 
euphemism for errors) in the branches were anticipated, and, 
as seen in Chapter X, taken into consideration.
In preparation for salinity verification, the refractive
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salinometer was calibrated to account for the difference in 
density between sea water and a sodium chloride solution. 
Four sacks of salt were then procured, part in crystal 
form (rock salt) and part as "nuggets". The tide generator 
was energized, approximately 330 lb (150 kg) of salt added 
to the sump, and fresh water cut in at the heads of the 
north and south branches. The addition of a small amount 
of salt and minor adjustments of fresh water discharge 
produced the longitudinal salinity profile of figures 
8-10 and 8-11. These agreed closely with prototype salinity 
fields existing during the prototype dye release. In the 
main branch the model, like the prototype, was nearly 
isohaline vertically with a slight salinity increase with 
depth. In the upper branches surface salinity agreed with 
the prototype, but model vertical gradients were higher in 
the shallow areas probably because of the removal of rough­
ness strips. Tidal hydraulics were rechecked but, as pre­
dicted by Pritchard, no further adjustment was required.
With tidal and salinity verification completed, the model 
was ready for dye releases to investigate similitude of 
dispersion.
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CHAPTER IX 
DYE RELEASES
In November 1974 and June 1975, N. LeBlanc made 
Rhodamine B dye releases in the Lafayette River in con­
nection with thesis research at Old Dominion University 
Institute of Oceanography. The first release was aborted 
when the gasoline engine-generator supplying power for 
the fluorometer failed and prevented tracking the dye 
cloud. In the second experiment, a 12 volt battery and 
inverter provided a quiet, reliable power supply. Be­
cause of the nonsinusoidal inverter voltage, the fluoro­
meter was calibrated in the laboratory on the inverter 
rather than on commercial power. A 10 gal (39.5 1) slug 
of Rhodamine B aqueous solution was released at low water 
at mile 2.6 (kilometer 4.8). The pumping arrangement 
proved slow and cumbersome, requiring a number of passes 
across the river and resulting in a wide dye streak. 
Measurements proceeded satisfactorily; the concentration 
curve spread and its peak dropped as expected. Concentra­
tions, however, fell rapidly and were nearing background 
level after 2 tidal cycles. Integration of areas under 
the concentration vs. distance curves showed a decay in 
t hours of dissolved dye mass M such that
M(t) - Moe°-07t . (9-1)
Evidently the Rhodamine B dye was being sorbed on bottom
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sediment; according to G.K. Turner Associates (1971) "its 
major disadvantage is relatively high sorbtion on soils 
and suspended sediments, which limits its usefulness in 
shallow systems."
Experience gained during the early experiments was 
useful in planning and conducting the prototype dye release. 
Although it would also have been helpful to make one or 
more rehearsal releases in the model to aid in planning, 
the model was not adjusted by the end of July and it was 
decided to proceed with the prototype experiment during the 
summer so as to complete field work before the end of good 
weather. An 18 1/2 ft (5.6 m) Starcraft cruiser with 65 
horsepower outboard motor was chartered together with a 
skiff to supplement it as necessary. The cruiser was used 
for both dye release and data taking. A faired underwater 
suction line permitted near surface sampling at moderate 
boat speed by use of a pump and flow cell fitted to the 
Turner Model 111 fluorometer. The battery-inverter power 
supply continued to serve well. Arrangements were made 
for additional personnel to assist in data collection 
over the expected one week duration of the experiment. A 
supply of Rhodamine WT dye was obtained to avoid the decay 
problem. Although expensive ($354 for 100 lb (45 kg) of 
20% alcohol solution) it is reported to be the best avail­
able dye tracer from the point of view of low sorbtion, 
temperature coefficient of fluorescent intensity, photo­
chemical stability, and ease of handling (G.K. Turner
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Associates, 1971). Subsequent checks, in fact, showed a 
negligible decay rate in both prototype and model. Harbor 
Police and State Water Control Board were notified of the 
schedule of operations.
Station numbering was changed from that used in the 
tidal hydraulic survey. Each station was given as its 
designation a Roman numeral corresponding to the distance 
upstream in kilometers. Intermediate stations were iden­
tified by appending a decimal and an Arabic digit indicating 
tenths of a kilometer. Suffixes A, B, and C respectively 
denoted right side, mid-channel, and left side of the 
river looking downstream. The letters N, S, and W were 
prefixed to the station number where necessary to designate 
north branch, south branch, or Wayne Creek. Thus Hampton 
Boulevard bridge is at Station III.2; Beacon 24 is near 
Station V.8C; North Marsh Island is at Station NVIII.8; 
Charters Island is at Station WIX. This scheme is illu­
strated in figure 9-1 and is used hereafter to designate 
both prototype and model locations.
Following a salinity and fluorescence survey, 84.9 lb 
(38.6 kg) of 20% dye solution were released at afternoon 
low water on August 18. At 1337 EDT the cruiser left the 
west bank and headed east across the channel at 5 kts 
(9 km/hr) with the skiff in tow. Dye was pumped from two 
5 gal (20 1) drums in the skiff and formed a narrow band 
astern. A run of 2.5 min crossed the river and the boat 
returned to the west bank running down the dye band, now
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about 15 ft (4.6 m) wide and deep red in color. Pumping 
was completed in a time span of 5 minutes. Wind was from 
the north at 8 kts (4 m/sec). The dye initially spread 
upstream along the right bank, downstream in mid-channel, 
and remained nearly stationary on the left bank —  evidence 
of a large clockwise eddy. The boat then anchored near 
Station V.4B and observed the spread of the still-visible 
cloud. The cloud moved upstream most rapidly along the 
right bank, confirming the higher flood velocity measured 
there during the tidal hydraulic survey. A narrow finger 
of dye moved past Riverpoint and Riverpoint Island, then 
penetrated transversely half way across the next reach of 
the channel before being sv/ept upstream. The existence 
and influence of large eddies whose scale approximated 
channel width was obvious; aerial photography would have 
been useful but was unavailable. At 1510 the visible edge 
of the dye cloud reached the boat, driving the fluorometer 
off scale and indicating a velocity of about 0.2 ft/sec 
(7 cm/sec). Dye could be seen flowing into Larchmont and 
Knitting Mill Creeks. Vertical sampling revealed strongest 
dye concentration at surface and at bottom, weakest but 
fluctuating at mid-depth. Evidently the greater density 
of the dye (p = 1.2) caused it to sink towards the bottom 
until turbulence completed the vertical mixing process.
At 1550 the trailing edge of the cloud passed the boat.
The cloud remained visible for several hours during which 
its approximate position and shape were as sketched in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
figure 9-2. By 1558 no fluorescence was detectable at 
Station V.4B, and the boat proceeded upriver through the 
cloud. At 1650 the boat anchored in Station VIIB at the 
fork just above Granby Street upstream of the cloud, which 
reached the boat at 1658. Average velocity of the leading 
edge was 0.5 ft/sec (0.2 m/sec), slightly greater than the 
measured convective water velocity (because of diffusion). 
The color was now much weaker, but the red tint remained 
visible throughout the first day. Vertical distribution 
of dye became nearly uniform; at 1809 variation was less 
than 3% throughout the water column.
Originally the intention had been to make surveys of 
two kinds. In one the boat would hold a constant position 
and measure the variation of concentration with time; in 
the other, the boat would transverse the estuary as fast 
as possible in order to measure the variation with position. 
As the axial length of the cloud grew it soon became evi­
dent that the time rate of change would be very slow, with 
concentration near the center of the cloud nearly constant 
over a period of several hours. Since the boat could mea­
sure concentrations while underway at moderate speed, it 
was decided after the first day to make only the second 
type of run, covering the entire estuary in about one hour. 
For the first few tidal cycles vertical and transverse sur­
veys were also included to check on uniformity of concen­
tration. Vertical profiles remained nearly constant at 
the center of the cloud; at 1234 on the second day
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(19 August) vertical variation from 2 to 10 feet (0.6 - 
3.0 m) was less than 5% at Hampton Boulevard bridge; at 
1329 less than 16%. On 20 August at 1022, variation at 
Granby Street was less than 4%. Transverse variations 
were slightly greater and displayed no consistent pattern. 
On 19 August at about 0930 the cross section variations, 
expressed as fractions of station maximum concentration, 
were as follows:
Station Left Side Mid-Channel Right Side
VI 1 0.9 0.9
V. 5 0.7 0.9 1
V 0.7 1 0.6
IV.5 1 0.5 0.6
IV 1 0.7 0.8
III.2 0.7 0.7 1
On 21 August at 1115, cross channel variation at Station V 
was less than 8%. After two tidal cycle readings were taken 
primarily in mid-channel.
Concentration surveys of the entire estuary were made 
at the following times:
18 August 1908-2005 (HW 1)




20 August 0930-1057 (HW 4)




21 August 1055-1207 (Ebb tide)
1526-1557 (LW 7)
22 August 1545-1640 (LW 9)
23 August 1005-1113 (HW 10)
24 August 1327-1358 (Ebb tide)
Selected concentration profiles are depicted and discussed 
in Chapter X. Salinities were surveyed before, during, and 
after the dye measurements and displayed a typical dry 
weather pattern (figures 8-10 and 8-11). Salinity at the 
mouth remained close to 18°/oo dropping slowly to a knee 
at 15°/oo near Station X. Vertical traces were nearly 
isohaline but with a generally very slight positive gradient 
with increasing depth. Precipitation was negligible through­
out the experiment. Winds were variable at 10 knots or 
less. Boundary tides were measured by recording gage at 
Station OC, with results as given in table 6-3.
Model dye releases were made not only under conditions 
of salinity similitude but also in fresh water. Equation 
(3-45) and (3-46) show that, with fresh water in the model,
3s°
whence the fresh water dispersion coefficient
Efw = ET = E . 19-3)
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If the same dye release is made under estuarine conditions, 
one can find
E = E - E_ = E - E_ . (9-4)D T fw
In the model, then, unlike the prototype, one can experi­
mentally separate the two separate components of the total 
dispersion coefficient. This capability is one of the 
advantages of physical as compared to mathematical modeling.
The time scale imposed by equality of model and proto­
type Froude numbers brings with it experimental problems. 
Equation (2-20) established that, for the Lafayette River,
Tr = 1/156. Thus one minute in the model corresponds to 
2.6 prototype hours or 20% of a tidal cycle. Whereas 
readings taken one minute apart in the prototype can be 
considered as virtually simultaneous, such an assumption is 
far from justified in the model. Since dye surveys at high 
and low prototype slacks spanning about one hour were 
treated as truly synoptic data, it was necessary to take 
corresponding measurements throughout the model in a period 
of 23 sec. Ideally the model would have been equipped with 
a network of sensors whose outputs were fed to a multi-track 
recorder to permit actual simultaneous surveys. Without 
funds for such an expensive installation it was necessary 
to recruit a large number of sample-takers. A crew of 6 
or 7 volunteers were able, with careful coordination, to 
fill 15 ml test tube sample containers at as many as 12 
different locations in 20-30 seconds. This was the
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procedure utilized for surveying dye concentration and 
salinity. The former was measured in a calibrated AMINCO 
No. 7102 fluoro-microphotometer, the latter in the same 
(but recalibrated) Endeco refractive salinometer used in 
the field. The ability of the Endeco instrument to handle 
a sample as small as 10 drops solved what would otherwise 
have been a very difficult measurement problem.
Experimental procedure for the fresh water runs was 
to set the tide controller to produce the same scaled 
mean tide range 2.60 ft (0.79 m) and flood and ebb periods 
(5.75 and 6.39 hours respectively) as were determined 
during the field run. Rhodamine WT dye was added to 4 oz 
(250 ml) of water in a beaker in preparation for dye re­
lease. With a volume ratio of l/3.5xl06, only a few drops 
of dye were needed. Since nondimensional concentrations 
c/c0 were involved with cQ taken as the maximum value of 
c at LW3, knowledge of the absolute mass of dye was not 
required either in comparing concentration distributions or 
in determining the value of E from spatial dye distributions. 
To permit supplementary calculation of E from the temporal 
dye distribution, however, the dye mass must be known.
This was determined by measurement before release and/or 
as the product of sump volume and final uniform dye concen­
tration after draining down the model. Boundary tide 
characteristics were monitored by height recorder and 
point gage. Background fluorescence level was determined
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as the average of samples collected in estuary, headbay, 
and sump. With all equipment and data collectors ready, 
the dye was poured across the surface of estuary at low 
water slack at Station V as in the prototype. Samples 
were collected at selected locations and times over the 
next 10 tidal cycles to correspond to prototype data.
During the first few cycles surveys were taken across the 
channel and vertically to check for uniformity of dye 
distribution, which in general existed by LW 3. Imme­
diately after each experiment, dye concentration was 
determined and recorded for each of the nearly 150 samples.
The first fresh water dye release was conducted on 
7 November and analyzed over the next few days. Although 
results seemed reasonable, it was decided to repeat the 
experiment to check for reproducibility. The model was 
drained and flushed and a few improvements made in pro­
cedure. The second run, on 14 November, produced results 
very nearly identical to the first run. After draining and 
flushing, the model was prepared for estuarine runs and 
salinity adjusted as explained in Chapter VIII. Although 
reported opinion varies as to the need for identity of 
mode1-prototype absolute salinity and density (as opposed 
to dimensionless density and salinity) it was decided to 
take the safer course by making model characteristic 
density (and hence absolute and dimensionless densities 
as well) equal that of the model, (Simmons 1966, Harleman 
1971, Herrmann 1975). Since salinity is proportional to
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density, the possibility of scale effects from non-unity 
ratios was eliminated. Because of the extremely low fresh 
water input, sump dilution was negligible during the exper­
iment and additional salt was unnecessary. A single salt 
water run, with salinity adjusted to the average of the 
prototype dye experiment (figures 8-10 and 8-11), was made 
on 21 November. The dye field in the lower main branch 
was almost identical with that during the two fresh water 
runs. Higher up the main branch and above the fork, con­
centrations were higher in salt than in fresh water. Dye 
concentrations for all three releases are plotted in 
figures 9-3a through 9-3d for low waters occurring every 
second cycle after release (i.e. at LW3, LW5, LW7, and LW9). 
A final check of model tidal hydraulics and salinity dis­
tribution completed the experimental work of the research 
project.
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CHAPTER X 
EXPERIMENTAL RESULTS
The most striking result of the experiment was the 
agreement between model and prototype concentration fields. 
Figure 10-1 shows, for the salt water run, the variation 
of model and prototype dye concentration with axial dis­
tance 2 cycles after release (LW 3) expressed as a fraction 
of the maximum concentration. Figures 10-2 through 10-4 
show the same data at 4, 6, and 8 cycles after release 
(i.e. at LW 5, LW 7, and LW 9), again as a fraction of 
maximum concentration at LW 3. The solid curves represent 
model data; the dashed curves, prototype data. If exact 
similitude had been achieved, each solid curve would be 
congruent with the corresponding dashed curve. The actual 
situation can be summarized qualitatively as follows:
LW 3. Good agreement (about 10% difference) in main and 
south branches; fair agreement (about 30% difference) in 
north branch.
LW 5. Good agreement below Station V, fair agreement above. 
Model concentration above the forks too great.
LW 7. Similar to LW 5 but discrepancy increasing above 
Station V.
LW 9. Good agreement in lower main branch; model concen­
tration too high at Station IV and above. Below Station V.5 
the model concentration error is no greater than 40% of 
prototype; in the upper reaches the model concentration
94
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is about double that in the prototype.
The error, as expected, increases with time and is greatest 
in the region of poorest model hydraulic adjustment. Even 
so, model concentrations after 8 tidal cycles (4 days) are 
everywhere within one fifth of an order of magnitude of 
those in the prototype.
A more quantitative evaluation of similitude is possible 
by determining the numerical values of Ep, E^, and E for 
model and of E for the prototype. A knowledge of these 
values is also necessary if one is to determine which theory 
of dispersion —  the velocity shear concept or the four- 
thirds law —  better describes estuarine mixing in nature.
A number of approaches are available for determining values 
of E from the temporal and spatial concentration fields at 
low water slack shown in figures 10-1 through 10-4. These 
are as follows:
Method A. The estuary is considered as a series of constant 
area reaches, within each of which the analytic solution of 
the one dimensional convection-dispersion equation for a 
constant E slug release of conservative tracer is
(x - Ut)2
c(x,t) = c0e -
4Et (10-1)
A ^where x is the point of release at time t, U is mean velocity
of river flow, T is the tidal period, and
t = t + nT, n = 1,2,3, . . . (10-2)
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If one sets
x = x - Ut , (10-3)
x becomes the longitudinal distance from the point of maxi­
mum concentration at time t, and
x2
c = cQe 4Et . (10-4)
If the release was made at low water slack, the resulting 
value of E is what Harleman (1971) and Thatcher and Harleman 
(1972) term the low water slack approximation of the
real time dispersion coefficient. It can be used to com­
pute the concentration field at subsequent low water slacks, 
but differs from the value of E for distributions at other 
times in the tidal cycle (see especially Harleman 1971 
p. 53-80). Solving equation (10-4) for E gives 
1 x2
4t ln(c/cQ) (10-5)
Plotting ln(c/cQ) against x2 for constant t and noting the 
slope of the line for a given reach allows one to evaluate 
the mean value of E over that reach (Nemerow, 1974). A 
straight line, of course, indicates a constant value of E 
for the reach concerned.
Method B. Another form of equation (10-4) is
M X*
c = —  --- e 4Et
2AV irEt (10-6)
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E = ------  . (10-8)
4ttA 2 c 21
The constant value of E represents the dispersion which has 
occurred up until the low water at time t. It cannot be 
used to calculate concentrations at times other than low 
water slack.
Method C. Assuming as before a constant value of E and of
cross section area, the steady state equation for salinity
intrusion at low water slack when 3c/9t = o is
Ux





Graphical solution is possible by plotting ln(c) against x 
(Harleman 1971 equation (2.172)). Since the concentration 
distribution is that existing at low water slack, the value 
of E applies only to dispersion plots at low water.
Method D. The cross section area of the main branch can 
be described somewhat more accurately as decreasing linearly
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with distance from the mouth (figure 10-5). O'Connor 
(1965) has provided an analytic solution in cylindrical 
coordinates for tracer concentration with constant E at 
low water slack:
A = cross section area at release point distant 
0 rQ from the (cylindrical) origin
r = distance downstream from origin
K = reaction coefficient, vanishing for a con­
servative tracer
I = modified Bessel function of order v of the 
v first kind.
where A and r are measured in ft2 and ft respectively and 
flows are on the order of 101* ft3/sec (280 m 3/sec), O'Connor 
obtained good fits for experimentally determined temporal 
dye distributions below the point of release.









Taking the relationship for the Delaware River
r
A = A0   0.67r (10-13)




where 0.01 < y < 0.05 describes the river slightly better 
than does the assumption of constant cross section. A 
computer solution to equation (10-11), varying E to obtain 
a low water concentration distribution similar to figure 
10-4, gave a generally poor fit to the observed data.
Reasons for the disagreement probably include the following:
1. The Delaware widens much more rapidly than the Lafayette
(slopes differing by an order of magnitude).
2. Fresh water flow in the Lafayette during the experiment 
was almost negligible; hence
v = Q = 0 . (10-15)
Equation (10-11) is particularly sensitive to the value of
v, and does not appear to yield realistic solutions of 
near-vanishing values of v.
3. The value of E in the Lafayette is not constant as assumed 
above, largely because of the axial change in salinity grad­
ient and in depth.
It is nevertheless possible to determine the value of E 
giving the best fit to the curve at LWS below Station V.
This can be done assuming an origin of coordinates 5.4 nm 
(10 km) upstream (Method D-l) or 10.8 nm (20 km) (Method D-2). 
Method E. In the upper reaches of the model estuary, where 
current and tidal height were imperfectly adjusted, it is 
possible to compute the resulting scale effects on the value
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of Em  and derive a corrected value E^. The procedure is 
as follows:
1. Using the relationships expressed in equations (9-3)
and (9-4) it is possible to separate E into its componentsM
E w and E„_. Examination of figure 9-3 shows that the con- DM TM 3
centration fields in the main branch below Station V or VI 
are the same in both salt and fresh water. Hence the value 
of the density gradient component E is negligible, as 
may be expected from the low slope of the salinity profiles 
in figures 8-10 and 8-11. In both upper reaches, however, 
the value of 3s°/9x° is greater, and the salt water concen­
tration curves are significantly higher than the fresh water 
curves. Here it is evident that one cannot neglect EDM.
Its value is found by determining the dispersion coefficient 
for a given reach with salt water in the model (upper curves 
in figure 9-3) and the coefficient for the same reach with 
fresh water in the model (lower curves). The former repre­
sents Ed + ET ; the latter E^; their difference is E^.
2. Examination of equations (3-46) and (3-42) reveals that 
scale effects (i.e. errors due to improper model adjustment) 
in velocity and tide height cause scale effects in dispersion 
coefficients. It is possible, knowing these equations, to 
calculate what the dispersion coefficients should have been 
if model velocities and tide heights had been correctly 
adjusted. In the case of E^, one sees that
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where u0 and Ah represent maximum flood velocity and tidal 
height respectively. The prime indicates the value of the 
parameter which would exist with proper model adjustment; 
the unprimed symbol indicates the value actually measured, 
including scale effect. In the Lafayette Model upper 
branches, entrance velocity was too great and tidal prism 
too low; hence the dispersion coefficient measured is higher 
than it would have been if the model had been correctly 
adjusted in the upper branches.
3. Similarly one corrects the value of E^. Using Thatcher 
and Harleman1s (1972) simplification of equation (3-42) one 
finds that ETM varies directly with velocity u0, whence
®TM u°— —   --  . (10-17)
ETM u o
Again the scale effect in model current produces too high a
value of E .TM
4. Adding the two corrected components yields
e ' = e ' + e ' . (10-18)M DM TM
The sum E^ can be considered to represent the approximate 
value of E^ which would exist in a properly adjusted model. 
As an example, applying this procedure to the north branch 
between stations VII and VIII.5 at LW 5 produces the






E,T 0.215 ft2/sec 0.020 m 2/sec 0.103 ft2/sec 0.010 m2/s
E'D 0.289 0.027 0.198 0.018
E 0.504 0.047 0.301 0.028
This method of correcting does not yield precisely accurate 
results because equations (3-42) and (3-46) govern the instan­
taneous or "real time" value of the dispersion coefficient 
rather than its value for low water slack concentrations. As 
explained in Chapter XI, however, order of magnitude accuracy 
can be expected.
Each of the five methods just outlined involves a 
slightly different set of approximations when applied to an 
actual estuary such as the Lafayette Model or prototype.
On the assumption that the resulting errors would offset 
one another, separate reaches of the four curves were analyzed 
by various of these methods and the results averaged. In­
tuitively one would expect less error for a given approach in 
the model-to-prototype ratio than in the absolute values of 
dispersion coefficients since the same approximations are 
being applied to both model and prototype. Table 10-1 shows 
the 11 different determinations made. For the main branch, 
where E might be expected to be constant, one finds a spread 
in absolute value of about 1.5 orders of magnitude for both 
model and prototype. If one neglects the questionable values 
which resulted from variable area Method D, the spread is 
reduced to less than half an order of magnitude. Considering
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all methods and all reaches, the ratio E_. likewise variesK
by less than half an order of magnitude. Omitting the 
approximately corrected values for the upper reaches 
further narrows the range of ER to 5.4X10'1* - ll.OxlO’1* 
with a mean value of 7.1X10'1* ft2/sec (6.6xl0‘5 m2/sec).
The significance of this result is discussed in Chapter XI.
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As discussed in Chapter III, recent literature pre­
sents two divergent concepts of similitude of dispersion 
in distorted hydraulic models. One concept, reasoning 
from the Taylor-Elder model of shear-dominated dispersion, 
predicts "very high distortion of longitudinal dispersion 
effects" (Harleman 1971, p. 256) so that "concentration 
similitude is not obtained in the constant density por­
tions" (Harleman 1966, p. 646). The other concept views 
mixing as governed by a four-thirds law and designs models 
accordingly, models in which undistorted similitude of 
dispersion is attained (see inter alia, Higuchi et al.
1974). An investigator entering this area of research for 
the first time is struck by the paradox seemingly unrecog­
nized by those who have been long immersed in one or the 
other of the two apparently mutually exclusive concepts.
One is reminded of the fable of the bumblebee: aero­
dynamics supposedly proves that the bee cannot fly, but in 
its ignorance the bee flies anyway. By the same token, the 
four-thirds law practitioners, ignorant that velocity shear 
will prevent them from modeling dispersion, go ahead and 
build successful dispersion models anyway. Disagreement 
among investigators is by no means unprecedented; what is 
unusual in this situation is the absence of dialogue be­
tween the two schools of thought. Harleman (1971) recognizes
105
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that "relatively few attempts have been made to explore 
the theoretical basis for the similitude of mass transfer 
processes." At the risk of attack by one or both schools, 
this dissertation attempts to face up to the contradictions 
and hopefully resolve them by presenting the framework of 
a unified theory of dispersion. No claim is put forward 
to answering all questions or illuminating all ignorance; 
rather it is hoped to outline a theory, educe from the 
literature and from the experiment just described a justi­
fication for that theory, and suggest a line of investi­
gation which can fill in the gaps in a sparse theoretical 
framework.
The Lafayette Model, at least in the main branch, 
can be added to the list of models (table 3-1) in which 
dispersion was substantially undistorted with respect to 
the prototype. Reported results include such close agree­
ment as shown in figures 11-1 (replotted from Herrmann 
1974, 1975) and 11-2 (replotted from Higuchi et al. 1974). 
These are especially significant because both San Diego 
Bay and Mizushima Bay are homogeneous in density. In the 
face of such evidence one must ask, along the lines sug­
gested at the start of Chapter III, what is the relationship 
among parameters affecting dispersion that admits of simi­
litude in distorted models.
Unfortunately the concentration fields cannot be 
related directly to measurable estuary parameters such as 
lengths, densities, or velocities. It is rather necessary
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to proceed via the "dangerous approach" of the turbulent 
dispersion coefficient E and more specifically its con­
stant density component ET . One can eliminate ED because 
it scales, even with geometric distortion, just as required 
for similitude of the total coefficient E. That is to say, 
if the identical nondimensionalized estuarine convection- 
diffusion equation is to apply to both model and proto­
type, from equation (2-26)
Ee  = Ye %  . (11-1)
Forming the ratio E from equation (3-46) , one finds thatUK
e dr - e dm/ e dp - YR ^ LR - ER • ( u -2>
Then if and only if
et r - e dr ‘ y r %  
will equation (11-1) be satisfied; for in this case
e dm + etm e dpyr 1̂ l r + e tpy r ^2Ijr er = ---------  -------------------------
e dp + e tp e dp + e tp
-  v N  < u - 4)
as desired. One then seeks to learn the law relating ET 
with parameters of the waterway. The waterways include bays 
(homogeneous tidal salt water), lower reaches of estuaries 
(homogeneous brackish water with tides), and fresh water 
reaches of tidal rivers. All of these display an oscillating
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flow of constant or nearly constant density water. The 
word "estuary" in the ensuing discussion should be under­
stood as embracing all the above when density is taken as 
constant. As seen in Chapter III, one finds the two con­
trasting relationships typified by equation (3-29), the 
four-thirds law derived from Richardson and Kolmogoroff's 
work, and by equation (3-42) based on velocity shear first 
analyzed by Taylor and Elder (1959).
It is a simple matter to form ETR for each approach 
as was done above for Eq . From equation (3-29)
et r  - g/ Sl r /3 I11-5’
where the length scale L of the eddies is taken as propor­
tional to width of the estuary. It is next necessary to 
determine how the energy dissipation factor G scales. The 
literature shows two conflicting opinions. The Japanese 
school (e.g. Higuchi et al. 1974) either state or tacitly 
assume that dissipation rate per unit mass is identical in 
prototype and in model, whence
GR = 1 . (11-6)
Then
Et r = Lr/3 . (11-7)
This assumption is tantamount to adoption of Richardson's 
four-thirds law
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Et = kL1*/3 (3-17)
which leads to the same result as equation (11-7). Harleman 
(1971, p. 224) on the other hand, shows that
where S_ is the slope of the energy gradient, which scales 
according to YR/LR. Thus, for Froude scaling,
The same result can be obtained if model and prototype 
specific energy dissipation rates are computed by Harleman's 
approach to analysis of cooscillating tides with friction 
(Harleman 1966, Chapter 10). Combining equations (11-9) 
and (11-5) shows that
Comparing equations (11-10) and (11-3) gives the surprising
In other words, if turbulent dispersion is governed by 
equation (3-29), which one may term the complete four-thirds 
law, then dispersion similitude is attained identically in 
Froude models regardless of scale. That is to say, no 
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similitude
Alternatively, assuming unity for G , one finds aR
particular relationship between L and Y to be requiredR K
for similitude. In this case, from equations (11-3) and 
(11-7)
for similitude. The standard Japanese scales of 1/2000 
horizontal and 1/159 vertical (distortion 12.6) have been 
chosen to satisfy equation (11-13).
To summarize, if the complete four-thirds law describes 
E^ and if G is governed by equation (11-8), then a Froude 
model of arbitrary scales and distortion can attain simi­
litude. If the complete four-thirds law governs and if G„ 
is identically unity, then similitude can be achieved only
in Froude models where Y = Ln^3.R R
Now one can form Em„ on the basis of the Taylor-ElderTR •*
relationships. If, with Thatcher and Harleman 1972, one 
assumes that
with units in the ft-lb-sec system, and further assumes that 




Et = 100 nu0R^6 (11-14)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ill
et r  - W r ** • <11-15)
Harleman (1971) shows that this implies the relationship
eTR = YR2l r 1/!2 (11-16)
As was done for the four-thirds law, one can combine equation 
(11-16) with equation (11-3) to form
V ^ R  " ETR = (11-17)
which is satisfied only if
y r - l r  (11-18)
or in an undistorted model. The implication of Taylor-Elder 
is thus that geometric distortion results in distortion of 
dispersion. Specifically the distortion of the dispersion 
coefficient is seen to equal the 3/2 power of the geometrical 
distortion. In the Lafayette River Model, for example, one 
would expect ETR to be too large by a factor of (45) 1,5 = 302; 
in the Japanese models by a factor of (12.6) 1,5 = 45? in the 
San Diego Bay model by a factor of (5) 1,5 = 11. Yet in all 
of these models, dispersion is found to be virtually undis­
torted.
Fischer and Hanamura (1975), as quoted in Chapter III 
above, have concluded that similitude of transverse mixing 
in constant density flow can be achieved in a particular 
model by proper insertion of roughness elements. In 
estuaries where Et dominates Ev as the principal component
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of Et (see equation 3-42), this amounts to saying that
ETR “ EtR = IR* %  <U -19>
as required by equation (11-3). Fischer cautions that 
verification would be required in each case. This is a 
significant proviso because the most convenient tracer for 
verification —  salinity distribution —  is useless in a 
constant density region. A prototype dye release followed 
by iterated model releases would be needed for the adjust- 
ment-verification process —  an expensive and tedious pro­
cedure. The literature does not suggest that it was followed 
in any of the models listed in table 3-1.
It is now possible to review the model results described 
in table 3-1 and attempt to identify the equation governing 
dispersion in each water body. The first five form a group 
in which the scales are derived either intentionally or 
fortuitously from the complete four-thirds law with GR = 1; 
that is, in each case YR = LR^3 as seen by comparing columns 
(3) and (4). Three are homogeneous while two are mixed 
estuaries; similitude existed in all. The next group of 
four, lines 6-9, have scales satisfying the complete four- 
thirds law with Gr = Yr ^2Lr j. Scales and distortions vary 
widely, in no case does YR = LR2>^, and the group includes 
bodies of both constant and variable density. In all cases 
similitude was attained. The conclusion is inescapable that 
a four-thirds law accurately describes the dominant constant- 
density dispersion phenomenon in all eight waterways. If
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it were a vertical velocity shear that dominated the constant- 
density dispersion, a distortion of ET of T3/̂  (see column 
(6)) would have resulted. Since ED .vanishes in the homo­
geneous waterways (lines 1, 2, 3, 7, and main branch of 9), 
such a distortion would have ruled out similitude. In 
waterways 4, 5, 6, and 8 it is possible that ED >> ET in 
certain parts of the model; in these the scaling law for 
Et is irrelevant. Significant portions of San Francisco Bay, 
Savannah estuary, and the North Sea estuaries have oceanic 
salinity, and the same may be true for Tokyo Bay. In such 
regions Taylor-Elder would preclude similitude. One further 
concludes that the condition YR = is sufficient but not
necessary for similitude. Apparently the Japanese school 
place an unnecessary restriction on their scales flowing 
from the assumption that GM = Gp . The Lafayette model, with 
its high geometrical distortion but undistorted dispersion, 
is especially convincing evidence of this conclusion.
The literature contains few reports of failure to 
achieve similitude —  possibly because of the paucity of 
attempted verifications and possibly because of a human 
aversion to reporting failures. Harleman (1971, p. 235), 
however, presents data which can be interpreted as an 
attempt at such a verification. (See line 10, table 3-1.) 
Certain of the salinity tests in the WES tidal flume (pre­
viously mentioned in Chapter III) can be taken "as models 
of the Rotterdam Waterway having distortion L_./Y_ = 1/10."K K
Knowing that bM = 0.75 ft (0.23 m) and bp = 1337 ft (407 m)
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gives LR = 1/1783 and Yp = 1/178. Transposing Harleman1s 
notation to that used herein, he reports that for the 
prototype ETp = 175 ft2/sec (16.3 m 2/sec) and EDp = 12,825 
ft2/sec (1191 m 2/sec). Then in the WES model
and, under Taylor-Elder scaling (equation 11-16), one would 
have
and the ratio EM/ETM ~ 3. Model experiments were run with 
the model full of fresh water, yielding E^ = E ^  and with 
estuarine conditions approximating those of the Rotterdam 
prototype, yielding EM = E ^  + E^. Forming the ratio of 
these quantities as experimentally determined gave
If instead of the Taylor-Elder law the four-thirds law had
0.539 ft2/sec (0.050 m 2/sec) (11-20)
0.232 ft2/sec (0.022 m 2/sec) (11-21)
Thus
em e dm + e tm
0.771 ft2/sec (0.072 m 2/sec) (11-22)
e t m + e dm 4
E,TM (11-23)
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governed, the ratio would have been
E™  = yr > %  . 75 . (U-24)
e t m
Comparison of the two theories (equations (11-22) and (11-24) 
with the observed phenomenon (equation (11-23)) clearly shows 
that Taylor-Elder velocity shear dispersion dominated mixing 
in both prototype and model.
In summary, the literature shows nine waterways in which 
constant density dispersion is apparently governed by the 
complete four-thirds law and one waterway governed by the 
Taylor-Elder vertical velocity shear law.
Additional insight into the contrasting laws can be 
gained by considering the absolute values of coefficients 
in addition to the mode1-prototype ratios just examined.
It must be realized, however, that the discussion so far 
has treated two different kinds of dispersion coefficients, 
the real time value and the low water slack approximation.
All of the equations developed in Chapters II and III and 
manipulated so far in Chapter XI have involved the real time 
dispersion coefficient, i.e., the value E (x,t) to be used 
in the convection-diffusion equation (2-14) at any point 
in time and space. The numerical values of E computed for 
the Lafayette River in Chapter X, on the other hand, are 
the low water slack approximations. These, when inserted 
in the analytical solutions to the convection-dispersion
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equation such as equation (10-4) or (10-11), produce the 
curve of c vs x at the moment of a particular low water 
slack following dye release. Harleman (1971) explains that 
the slack tide approximations cannot be predicted analy­
tically; rather they are determined "empirically for the 
particular reach under study by comparing solutions of the 
non-tidal mass transfer equation with observed concentration 
data." Since they have only an empirical basis, it is not 
possible to develop an expression for ER as a function of 
Lr , Yr , etc. There is nevertheless a way to relate the 
magnitudes of the slack water and real time coefficients; 
it is as follows.
Harleman (1971) summarizes the analysis of both types 
of dispersion coefficients in the Rotterdam Waterway con­
ducted by Stigter and Siemons (1967). The investigators 
used a finite difference solution to find the value of E 
which best fit observed salinity distributions throughout 
the tidal cycle; this became the real time coefficient.
They also determined the high water and low water slack 
approximations by the techniques described in Chapter IX 
(Method C). Their results are shown in figure 11-3. The 
LWS and HWS coefficients bracket the real time value (Ert) 
for most of the 8 nm (15 km) reach under consideration.
Thus in general
Elws < Ert < Ehws * (11-25)
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Table 10-1 shows that, for the Lafayette model main branch, 
the mean value of E^ws = 0.046 ft2/sec (4.3 x 103m2/sec).
The mean value of two computations of Ej^g = 0.088 ft2/sec 
(8.2 x 103m 2/sec). Thus for the model 0.046 < Ert < 0.088 
ft2/sec. Similarly for the prototype 73.8 < Er .̂ < 186 
ft2/sec (6.9 < Ert < 17.2 m 2/sec). One can then assume that
Elws - aErt (11-26)
where
0.4 < a < 1 . (11-27)
For the ensuing discussion, it will be assumed that the 
real time value lies midway between the high and low slack 
values so that
Elws = °-7 Ert <n -28>
and
Ert " i'4 Elws ' (11-29)
Although not precise, the approximation should be well within 
an order of magnitude. On this assumption, the mean real 
time value for the main branches of model and prototype are 
respectively 0.064 ft2/sec (6.0 x 103m 2/sec) and 103 ft2/sec 
(9.6 m 2/sec). Since E^ was seen to vanish in the main branch, 
these values represent Ê ,, the constant-density coefficient 
of dispersion.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
118
Using these values it is possible to evaluate the 
constant of proportionality a in the complete four-thirds 
law of equation (3-29):
First one must find G, the specific energy dissipation rate, 
from tidal range and phase variations with x using the 
method of Harleman (1966 Chapter 10). For the prototype 
below Station VI. 7 the value turned out to be 7.00 x lO'1* 
ft2/sec2 (6.5 x 10‘5 m 2/sec2) and for the model, 9.20 x 10'3 
ft2/sec2 (8.55 x 10’ltft2/sec2) . Their ratio GR is 13.2; 
Harleman's theoretical ratio is
The close agreement tends to confirm Harleman's relationship 
as opposed to the Japanese assumption of unity. Using 
these values, together with a mean width for the prototype 
Lp = 2340 ft (714 m) and for the model 4.33 ft (1.32 m) , 
one obtains aM = 0.043 and ctp = 0.037. The mean value for 
a, 0.040, compares favorably with Orlob's (1961) value of 
0.034 as given in equation (3-30) and is of the same order 
of magnitude as for Mizushima Bay (order 0.01) as discussed 
in Chapter III. One is again led to the conclusion that 




gr - V *  lr ’ = 13-° (11-31)
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A final test is a comparison of the theoretical and 
observed values of ER. Equation (11-11) applied to the 
Lafayette model gives a theoretical value of 5.3 x 10“* 
for the real time coefficients. On the assumption of 
equation (11-28), the ratio of observed low water slack 
values is identical with that for real time values. Table 
10-1 showed a mean observed value of ER (jws) f°r the entire 
estuary of 9.4 x Iff1*. Disregarding the corrected values 
in the upper branches, the ratio is 7.1 x 10“*. This close 
agreement is additional evidence that the complete four- 
thirds law applies to the Lafayette River.
As a basis for reconciling the apparent conflict be­
tween the Taylor-Elder and the four-thirds laws, it is use­
ful to return to the derivation of the basic equation in 
which the concept of the one dimensional dispersion coeffi­
cient was introduced. One finds that ET was defined to be
Et = E + Tx . (2-41)
The terms on the right were defined respectively in equation 
(2-39), whence
f u"c"dA
A 3C/3x ' (11-32)
and in equation (2-38), where ex is the cross-section mean
/vvalue of the longitudinal turbulent diffusivity ex . E is 
seen to depend upon the cross-sectional nonuniformity of the 
time-averaged longitudinal velocity, i.e. upon transverse
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and/or vertical velocity shear. The coefficient ex is seen 
to depend upon the intensity of turbulence, since from 
equation (2-34) it is the spatial average of the turbulent 
fluctuations of concentration c' and axial velocity u' :
I f— u ce  ---------. (11-33)
3c/3x
It was further seen that in some flows ex can vanish while
Ain others E can vanish.
It appears that the Taylor-Elder approach has tacitly 
concentrated on flows dominated by E while the four-thirds 
approach has concentrated on those dominated by W v . TheA
two can be unified simply by returning to the concept of 
equation (2-41) and considering that ET for a given estuary 
consists of the sum of one term representing the velocity 
shear/small scale turbulence effect and a second term 
representing the effect of pure large scale turbulence.
As shown in equation (3-42) the Taylor-Elder term is itself 
a sum of transverse and vertical components. Thus
E = ED + ET = ED + {Es + Ek}
= ED + {(Et + Ev) + Ek } (11-34)
where, to summarize,
E = combined estuarine dispersion coefficient
Ed = component dependent on gradients in salinity 
and hence density
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
121
E.J, = component dependent on constant density 
turbulent mixing
Es = component of Ê , dependent upon velocity 
shear and small-scale turbulence
E^ = component of ET dependent upon large scale 
turbulent eddies
Et = component of Eg dependent upon transverse 
velocity shear
E„ = component of E_ dependent upon verticalV  bvelocity shear.
The relative magnitude of the terms differs among 
estuaries, among the reaches of an estuary, and with time.
It is possible to generalize to some degree as to their 
behavior, as follows. Comparing first ED and et , one 
recalls the direct variation of ED with 3s°/3xO (equation 
(3-46)). Thus Ed vanishes in reaches of constant salinity 
(typically found near the mouth on flood tide) and in the 
fresh water tidal reaches above the limit of salinity in­
trusion. Any mixing in these regions can only result from 
Erp. In the mixed middle reaches displaying a non-negligible 
longitudinal salinity gradient there will be a contribution 
from both. Fischer (1972) has computed that in the Mersey 
estuary E^ = 4970 ft2/sec (462 m 2/sec) while ET = 312 ft2/sec 
(29 m 2/sec) so that ED/ET = 16. Harleman (1971) shows 
Stigter and Siemons (1967) data to the effect that the ratio 
of Eq to Eip near the mouth of the Rotterdam Waterway dropped 
linearly from a value of 75 at the Hook of Holland to a 
value of 63 at Vlaardingen about 8 nm (15 km) upstream.
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He also cites Lee's (1970) finding of a linear decrease in 
Ed/Et in the Delaware and Potomac estuaries.
As for the components of ET , one can compare the 
values of Ev and Ek by means of equations (3-38) and (3-54) 
on the one hand and (3-30) on the other. For vertical shear
flows the first two equations showed that, for h = R,
Ev - 7 G l/3h ^ 3 . (11-35)
Using Orlob's value for a and assuming that the significant 
eddies have a scale approximating channel depth, one finds 
from equation (3-30)
Ek - 0.034 G 1/3!^3 (11-36)
whence the ratio
Ev/Ek * 200 . (11-37)
Hence Ev is dominant.
If one now considers a situation in which the signi­
ficant eddy scale approximates the width of the estuary 
rather than the depth, then for a typical estuary
La - b - lOOh . (11-38)
Now equation (3-30) becomes
Ek * 16 G ^ h 1*/3 (11-39)
and Ev and E^ are of the same order of magnitude. If in
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straight, constant-area flumes or canals the largest eddies 
are vertical with scale of order h, one would expect Ev to 
dominate E^ as in line 10', table 3-1. In wide, sinuous 
natural channels, by contrast, E^ can be of the same order 
of magnitude as Ev and possibly, in very wide reaches, even 
higher. Here it is possible for the four-thirds law to 
dominate Taylor-Elder; this appears to have occurred in 
lines 1-9 of table 3-1. Fischer (1973) comes to a somewhat 
similar conclusion; he conceives of four-thirds law domi­
nance where the largest scale of turbulent motion is no 
less than the scale of separation of tracer particles.
Where the scale of turbulence is limited by depth rather
t
than by width, and hence is small compared to that of the 
dye cloud, he considers that "the concept of a gradient 
mixing coefficient becomes reasonable."
The literature has little to say concerning the rela­
tionship between Et and Ey (except for Fischer's (1972) 
analysis of transverse oscillatory shear). Most investi­
gators, including Thatcher and Harleman (1972), ignore 
E . Fischer suggests that E will always be small becausew I—
of the "reasonably large width of the cross section and the 
correspondingly long time scale {b2/ez) for transverse 
mixing" in a typical estuary. For the Mersey he found 
Et/Ev « 0.2.
A possible method of predicting the relative importance 
of Ev , Efc, and Ek is to obtain velocity profiles in vertical
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and transverse planes. If velocity gradients prove to be 
steep only near the banks and bottom and near zero else­
where, one would tend to minimize the importance of Et and 
Ev « If velocities along the profiles were observed to 
fluctuate about the time-average with period t over a range 
Au such that the eddy length scale L approximates estuary 
width b, that is if
L = xAu - b (11-40)
then one would expect an important contribution from E^. 
Figure 6-9 suggests in the Lafayette a period of 55 min 
and a velocity fluctuation of 1/4 ft/sec, yielding an eddy 
scale of 825 ft (251 m) which is about half the river width 
at that point. Figure 11-4 shows two vertical current pro­
files in the Lafayette; they lack the "universal" shape 
assumed by Elder in his derivation of Ev and also give 
evidence of significant turbulent fluctuations. These 
phenomena suggest the applicability of the four-thirds law 
which the dye experiment in fact showed to be dominant.
Figure 11-5 displays the concept of equation (11-34) 
by means of a ternary diagram. The distance from a point 
in the triangle to any side is a measure of the contribution 
to E of the component indicated at the opposite apex. Thus 
a point at the upper apex indicates E = ED; a point on the 
lower side one third of the distance from the left side 
denotes E = Eg + E^ where Eg = 2/3E and E^ = 1/3E. The
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ten mode1-prototype systems of table 3-1 have been plotted 
in their approximate locations. While the sketch is quali­
tative rather than quantitative, it does illustrate how the 
various mixing phenomena affect dispersion in waterways of 
differing characteristics. The wavy line indicates approxi­
mately the types of waterway in which undistorted modeling 
of dispersion is possible; these are dominated by ED and 
E^ which scale properly. To the left of the wavy line, Ey 
dominates the mixing process and will cause distortion of 
dispersion in geometrically distorted models.
It is evident that one can analytically derive expres­
sions for dispersion coefficients at the three apexes of 
the diagram and near the two upper sides. The great need 
is for methods to cope with the interior of the triangle 
and the lower side —  waterways in which both of the con­
stant density mixing phenomena are significant. At present 
there seems to be no way to determine how much E depends 
on Es and how much on E^. A fruitful line of experimentation 
would be to measure E under varying but controlled conditions 
in an estuarine model. Accurate measurement of instantaneous 
velocity and concentration fields in three dimensions would 
be essential. Eddy size should be determined, possibly 
using Orlob's (1961) technique. A prismatic flume does not 
cause a pattern of turbulence similar to that in a sinuous, 
variable area natural estuary; the flume is biased toward 
shear-dominated phenomena rather than large scale transverse
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eddies. Since the most convenient tracer —  salinity 
variation —  is by definition absent from the homogeneous 
waters where Es and E^ are observable, reliance would be 
placed on dye tracer experiments. These are far easier 
and less expensive in model than in prototype and, because 
of the time scale, orders of magnitude faster. In a model, 
moreover, parameters can be controlled by the investigator 
rather than merely measured as in nature. Finally there 
exist a wide variety of estuarine models in which, taken 
together, almost any desired combination of variables can 
be achieved. A carefully planned and analyzed series of 
model experiments should produce a better understanding 
of those dangerous but essential parameters, Es and E^.
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CHAPTER XII 
SUMMARY AND CONCLUSIONS
The experimental work and analyses described in the 
preceeding chapters lead to the following conclusions:
A. Despite a vertical distortion of 45, it was possible 
to obtain good hydraulic adjustment of the Lafayette River 
model in the main branch. Above the narrows at Station 
VI.7, adjustment was less satisfactory. Dye releases in 
prototype and model revealed a good degree of dispersion 
similitude in the main branch. Even in the upper branches, 
a fair degree of dispersion similitude existed, with the 
model field of dye concentration well inside an order of 
magnitude of the prototype field after eight tidal cycles.
B. Analysis of the dye concentration fields in the near- 
isohaline main branch gave values of the low water slack 
and high water slack dispersion coefficients in model and 
prototype. From these it was possible to estimate the 
respective real time coefficients. Using these together 
with the values of energy dissipation per unit mass deter­
mined from tidal range and phase, it was possible to 
evaluate the constant of proportionality in the complete 
four-thirds law. The resulting equation
E = 0.04G1/3 b1/3 , (12-1)
where b represents mean estuary breadth, well described
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mixing in the main branch of both prototype and model.
C. The apparent disagreement between the Taylor-Elder 
velocity shear/small scale turbulence concept of dis­
persion and the Richardson-Kolmogoroff four-thirds law 
can be reconciled by returning to the basic derivation of 
the one-dimensional longitudinal dispersion equation. One 
finds that ET in fact includes two components, one de­
pending on velocity shear and the other on the scale 
and intensity of the turbulence. Thus
where Eg is described by equations like Taylor's and E^ is 
subject to the complete four-thirds law in which a has an 
order of magnitude 1CT2.
D. The overall estuarine dispersion coefficient is
These depend respectively upon density gradients, transverse 
velocity shear, vertical velocity shear, and large scale 
turbulence.
E. In a geometrically distorted Froude model after proper 
adjustment, the presence or absence of dispersion simili­
tude depends upon the behavior and relative magnitude of 
each of the four components. Similitude requires that
Following Thatcher and Harleman (1972) one can show that
(12-2)
E = Ed + Et + Ev + Ek (11-34)
E = YRy2LR (11-3)
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Ed scales properly. Using Harleman's (1971) expression for 
G, one can show that E^ also scales properly. From the 
Taylor-Elder approach, however, Ev is found to scale 
incorrectly for similitude; Ev in fact is distorted by a 
factor of r / 2 . Fischer and Hanamura (1975) have shown 
that Et can be adjusted for similitude by proper design 
and placement of vertical roughness strips, but its 
typically low value may make this refinement unnecessary 
in most estuaries.
F. The assumption that GR = 1 conflicts with Harleman's 
(1971) analysis and places an unnecessary restriction on 
scales of models designed in accordance with the complete 
four-thirds law. The relationship
Yr = LR^  (11-13)
is thus sufficient but not necessary for similitude of dis­
persion in models of estuaries dominated by four-thirds 
law mixing. Models lacking this relationship, as seen in 
table 3-1, have nevertheless exhibited similitude with their 
prototypes.
G. Estuaries on which E = ED + E^ can be properly modeled, 
but dispersion should be verified through salinity distri­
bution supplemented by dye tests in regions of constant or 
near-constant density to ensure that similitude is in fact 
attained. By contrast, estuaries in which E = ED + Ev will 
exhibit a distortion of dispersion increasing with geome­
trical distortion.
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H. Research should continue in an effort to quantize the 
relative contributions of Ev and E^. At present there 
appears to be no simple way to determine from gross estuary 
parameters (length, depth, width, salinity, velocity, dis­
charge, roughness) which phenomenon - if either - will 
dominate the mixing process in a given estuary. Investi­
gations in existing models should shed light on this question. 
Mixing experiments should control and measure the above 
variables with particular attention to the three dimen­
sional instantaneous velocity and concentration fields.
In this way the vertical and transverse shears of mean 
velocity and the scale and intensity of turbulent fluctua­
tions of velocity and concentration can be related to the 
various components of the dispersion coefficient.
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A = cross section area
a = pipe radius
b = width of estuary
C = cross section mean of c
= Chezy coefficient
c = concentration of solute
c = time-average value of c
c' = turbulent departure from c
c" = spatial departure from C
E = longitudinal dispersion coefficient
Ed = component of E due to density difference
E,- = component of E due to turbulent transport in homogeneous
1 fluid
Em = E_ at mouth of estuary Ta T J
E _ = E as determined with fresh water in the modelfw
Ehws = water slack approximation of Ert
Ê . = component of E^ due to large scale turbulent eddies
Elws = low water slack approximation of Ert
Ert = real time value of E
E = component of E due to velocity shear and small scale
s turbulence
Et = component of ET due to transverse shear
Ev = component of ET due to vertical shear
= component of E^ as defined in equation (2-39)
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= value of E for steady as opposed to oscillatory flow 
e^ = coefficient of eddy (or turbulent) diffusivity 
= cross section mean of e„X  A
F = Froude number
Fd = Densimetric Froude number
G = energy dissipation per unit mass
g = acceleration of gravity
HW = high water
h = water depth
I = modified Bessel function of the first kind
i = Cartesian direction (subscript); 1 = longitudinal,
2 = vertical, 3 = transverse
J = dimensionless coefficient in equation (2-17)
K = reaction coefficient, constant of proportionality
k = constant of proportionality
L = characteristic length
La = Lagrangian eddy size
LW = low water
1 = characteristic eddy length
M = model parameter (subscript), mass
Ne d = densimetric estuary number
n = Manning's roughness coefficient
o = reference quantity (subscript)? dimensionless ratio
(superscript)
P = prototype parameter
PT = volume of tidal prism
Q = river discharge
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q = external lateral inflow per unit length
R = hydraulic radius, ratio of model to prototype
parameter (subscript), tidal constituent ratio in 
equation (6-1)
Re = Reynolds number
r = radius vector in cylindrical coordinate system
S = dimensionless coefficient in equation (2-11)
Sg = slope of energy gradient
T = tidal period
Tt = time scale for transverse mixing
Tv = time scale for vertical mixing
T 1 = dimensionless period
t = time
t = time of dye release
U = cross section mean of u
UQ = characteristic velocity
u = instantaneous longitudinal velocity (unless other 
direction specified by subscript)
u^ = instantaneous velocity along the ith Cartesian axis
u' = turbulent departure from u
u" = spatial departure from U
u' = mean transverse velocity deviation in equation (3-44)
u = time-average value of u
u* = friction velocity
v = Kolmogoroff microscale of velocity, dimensionless 
parameter in equations (10-11) and (10-12)
x=Xj = longitudinal Cartesian coordinate
x2 = vertical Cartesian coordinate
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x 3 = transverse Cartesian coordinate
Ax = coordinate of dye release
Y = characteristic vertical distance
y = vertical Cartesian coordinate
z = transverse Cartesian coordinate
a = constant of proportionality
3 = constant of proportionality
T = geometric distortion
y = constant of proportionality
e = transverse turbulent diffusivity





t = period of turbulent fluctuation
t q = wall friction stress
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Figure 2-1. Coordinate System.




























Figure 4-2a. Aerial photo of reach of upper
Lafayette River, north branch, near kilometer 8.
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Figure 4-2b. Aerial photo of reach of
Lafayette River, main branch, near kilometer 5.
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Figure 4-3. Schematic diagram of tide generation system.







Figure 4-4. Plan view of model.
1. Sump 3. Channel and overbank area
2. Headbay 4. Fresh water supply tank
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5 0  KHZ
SIGNAL
GENERATOR
Figure 4-7a. Schematic drawing of capacitance gage for
measuring water height. The resistance can 
be adjusted to obtain desired signal level 
on the recorder.
Figure 4-7b. Capacitance sensor. The lower end as well 
as the sides of the 16-gage wire are in­
sulated. Vertical dimension of the sensor 
can be varied to suit tidal range.
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Figure 4-8a. Tide height sensor, capacitance type.
Figure 4-8b. Tide height sensor, float/rheostat type.
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Figure 4-9. Mechanical tidal cycle counter.
Figure 4-10. Tidal height recorder and other 
instruments.
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Figure 5-1. Subfloor. By reducing amount of 
fill, this structure kept floor 
loading within safe limits.
Figure 5-2. Channel cross section templates 
in position.
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Figure 5-4. Return valve.
Figure 5-5. Main and priming pumps.
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Figure 5-6. Model before installation of strips.
Figure 5-7a. Model with strips, viewed from lower end.
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FIGURE 6 -2
Maximum current velocity vs. tide range, Lafayette River.
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Figure 6-3. Stations for tidal hydraulic survey.
Hampton Boulevard bridge crosses the main 
channel just below Station 4. Granby Street 
bridge is at Station 7. Arabic numerals for 
stations refer to this figure; Roman numerals 
for stations refer to Figure 9-1.
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Figure 6-4. Longitudinal variation in mean tidal range of 
the Lafayette River. The ordinate is the 
ratio of mean tide range at upstream station 
to mean tide range at Station 1 (2.60 ft, 
0.79m).
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Figure 6-5. Longitudinal variation in mean tidal range of three estuaries in the Virginia coastal plain. 
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Figure 6-6. Longitudinal variation in time of high water 







Longitudinal variation in absolute elevation 
at mean high and low water in Lafayette and 
Nansemond Rivers. L = length of estuary.
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Figure 6-8a. Standard values of mean surface current at 
strength of flood. 160
161
o












































Figure 6-9. Temporal fluctuation of near-surface current 
at Beacon 22, about 1,000 yd (914m) above 
Station 5.
20
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Figure 6-10. Salinity distribution at high water slack 
during tidal hydraulic survey.
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Model and prototype tidal curves.
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Figure 8-3. Sensor of Marsh McBirney 
electro-magnetic current 
meter.
Figure 8-4. Current meter in position.
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Figure 8-5. Adjustment of tidal range.
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Figure 8-6. Adjustment of tidal phase (arrival time of high 
water).
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Adjustment of cross section mean current 
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Figure 8-8. Current adjustment, transverse.
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Figure 8-9. Current adjustment, vertical.
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Figure 8-11. Salinity adjustment, LWS.
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3 0 0 0  YD1000 2000
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Figure 9-1. Stations for dye release experiments. Roman
numerals for stations refer to this figure and 
denote distance upstream in kilometers. Arabic 
numerals for stations refer to Figure 6-3. Dye 
Station 0 corresponds to tidal hydraulic Station 
1.
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Figure 9-3a. Model dye distribution two cycles after release. 175
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F i g u r e  9 - 3 b .  M o d e l  d y e  d i s t r i b u t i o n  f o u r  c y c l e s  a f t e r  r e ­
l e a s e .
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F i g u r e  9-3c. M o d e l  d y e  d i s t r i b u t i o n  s i x  c y c l e s  a f t e r  r e l e a s e .
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Figure 10-1. Model and prototype dye distribution two cycles 
after release. 179
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F i g u r e  1 0 - 2 .  M o d e l  a n d  p r o t o t y p e  d y e  d i s t r i b u t i o n  f o u r  c y c l e s  
a f t e r  r e l e a s e . 180
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Figure 10-3. Model and prototype dye distribution six cycles 
after release. 181
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Figure 10-4. Model and prototype dye distribution eight 
cycles after release. 182
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Figure 10-5. Longitudinal variation of cross section area of 
deep (greater than 2 ft (0.61m) at MLW) channel. 
Dots are actual data points; straight lines are 
constant and linear approximations.
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Figure 11-2.
Model and prototype dispersion coefficients, 
Mxzushima Bay (Higuchi et al. 1974). M
00it*











Comparison of coefficients in Rotterdam Water­
way. (Stitger and Siemons, 1967).
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Vertical current velocity distribution at Granby 
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Figure 11-5. Regimes of estuarine dispersion. The hatched 
areas and numerals refer to line numbers of 
waterways listed in Table 3-1.
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